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ANNOTATION

Thebookisa collectionofpaperspresentedattheFourthPlasmaPhysicsand
ControlledFusionConferenceofthePbysicotechnicalInstituteoftheUkrainian
Academy of Sciences, held in Kharkov on 20--25 May 1963. [References to papers

presented at the previous Plasma Physics and Controlled Fusion Conferences appear

in the bibliographies in the following form: full transliteration of the official title of

the conference proceedings, followed by the conference (volume) number. Thus,

"Fizika plazmy i problemy upravlyaemogo termoyadernogo sinteza", 2 is a reference

to the proceedings of the Second Conference. ]

The papers deal with the theoretical and the experimental aspects of plasma

physics and reflect the state of research at the Institute in the years 1962--1963.

The collection is subdivided into several topical sections: high-frequency properties

of plasmas, plasma--beam interactions, plasma stability, gas discharge, plasmoid

experiments, plasma guns, behavior of plasma in magnetic fields, injection of plasma

and plasmoids, magnetic traps and plasma confinement, plasma diagnostics; in

addition, special sections are devoted to methods of high-vacuum production and

the properties of metals at low temperature, in application to the design of new

high-efficiency vacuum pumps.

TRANSLATOR'S NOTE

All the formulas in this text are photographically reproduced from the Russian

original, and some of the mathematical notations are slightly different from those

currently accepted in the West. This refers mainly to hyperbolic trigonometric

functions (ch stands for the hyperbolic cosine, sh for the hyperbolic sine, etc. ) and

to vector analysis notations (e. g., rot for curl); the Russian lg, tg, and ctg have

been retained for the more conventional log, tan, and cot, respectively. It is hoped

that this peculiarity of notations will not unduly disturb the reader.

ix





Section One

HIGH- FREQUENC Y PR OPER TIES OF PLASMA

N.I. Nazarov, A.I. Ermakov, and V.T. Tolok

THE BEHAVIOR OF A PLASMA BOUNDARY HEATED

BY ION CYCLOTRON WAVES

This study continues the investigation of a plasma generated by resonance

excitation of ion cyclotron waves. The equipment and the experimental

conditions are identical to those described in /1,2/.

It has already been observed /2/ that two distinctly different modes of

behavior of the plasma density are possible in the resonance excitation of

ion cyclotron waves; the actual mode depends on the amount of the r-f

energy fed into the plasma. A study of the decay constant T of the plasma

with a microwave interferometer at a wavelength k= 8 mm confirms the

existence of two different modes of density decay in a plasma. In one of

the modes, the decay constant reaches 300;_sec, but as the injected energy

increases (i. e. , the voltage is increased leaving the pulse length unchanged,

orthe pulse length is increased leaving the voltage constant), anomalously

rapid density decay sets in, with a decay constant T as low as 20-30 _sec.

Figure 1 plots some characteristic features of the discharge as a function

of the confining magnetic field H0 • Figure 1,a gives the variation of the

amplitude of the signal of the magnetic probe registering the high-frequency

magnetic field, namely the _, -components of the travelling ion cyclotron

wave. The magnetic probe was held at a distance of 25cm from the edge

of the excitation coil. Figure 1,b plots the variation of the plasma decay

constant obtained from the interferograms of the 8-ram signal, and Figure
1,c gives the intensity of the spectral line C III (t= 4647A). We see from

these graphs that the decay constant is maximal in the same region of

magnetic fields where the amplitude of the ion cyclotron wave reaches its

peak. The increase of r at the time of resonance generation is apparently

attributable to the increase in the transverse energy of the plasma ions.

Furthermore, the electron temperature of the plasma also increases under

resonance conditions, as is evident from the appearance of the line of

doubly ionized carbon C III(t = 4647/_) with an excitation potential of _50 eV

in the discharge. Since the energy of the electromagnetic wave is directly

transmitted to the ions, the electrons are heated by collision with ions.

These collision losses can be reduced in a plasma with hot electrons. The

electrons may be heated, say, by means of resonance excitation of high-

frequency oscillations effectively interacting with the plasma electrons
/3,4/.

Since in this experiment the density of the plasma was higher than the

critical density for the 8-ram signal, additional information on the behavior

of the plasma at the time of heating was gained by studying the reflection



of VItF signalsfromtheplasma. It is knownthatwhenaplasmais probed
witha signalwhosefrequencyif belowthecritical value,thephaseof the
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FIGURE 1. Discharge characteristics vs.

the confining magnetic field Hw.

reflected signal is indicatory of the

position of the critical layer in space /5/.

Figure 2 shows some oscillograms

(a-cutoff of :he 8-ram signal,

b - reflection of the 8-mm signal) obtained

in two magnetic fields, 517 and 675 kA/m.

The lower osciltogram of the reflected

signal shows that the plasma cylinder

oscillates inteasely when the amplitude

of the ion cycl?tron wave in the plasma

is maximal. _Ihese oscillations are

difficult to interpret in view of their

irregularity. More definite results on

the oscillation of the boundary of the

plasma cylinder were obtained by examin-

ing the reflection of signals with _t = 3.2 cm.

In magnetic fi,_,lds below the resonance

(Figure 3,a) t[e reflected signal does not

experience no-iceable phase shifts if

n> ncr, i.e., Jnder these conditions the

plasma layer vith net shows no substantial

radial motion. In resonance, the phase

of the reflected signal changes considerably

(Figure 3,b). The phase shifts range

between 37r[2 and 2_r, which corresponds

to a radialdisptacement of about _t[2 = 16 mm

for the plasm_ layer with critical density.

A comparison of the amplitudes and the

phases of signals reflected by metal rods

of various dia:neters, in line with the

axis of a discharge tube, with the amplitudes ald the phases of signals

reflected by plasma columns has established that the critical plasma layer

moves toward the center of the discharge tube. Since at this instant the

density of the plasma increases under the conditions of the experiment,

this radial displacement of the plasma cylinder actually points to the

formation of a 16-ram gap between the plasma _ nd the walls of the discharge

tube. The plasma cylinder is detached from th_ walls apparently because

the resonance radial distribution of the high-fr_ quency fields in the ion

cyclotron wave ] 1] is conducive to plasma conf nement. Figure 4 shows the

radial distribution of the magnetic pressure (_H-_) set up by the wave. The

pressure is maximal at a distance of 15 mm frcm the wall of the discharge

tube (R =30mm), which is consistent with the neasurements of plasma

constriction using the 3.2-cm signal.

The ratio of the gas-kinetic pressure and th_ pressure set up by the

8_nkT_alternating magnetic field of the wave _ = --_ : is _ = 0.3, which justifies

our interpretation of the constriction of the pla,;ma column.



FIGURE 2. Oscillograms of signal

cutoff (a) and of the reflected signal (b).

FIGURE 3. Oscillograms of the reflected

3,2-cm signal.

rei. un.
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FIGURE 4. Radial distribution

of the magnetic pressure set up

by the wave in a discharge tube.
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N. I. Nazarov, A.I. Ermakov, V.V. Dolgopolov,

K. N. Stepanov, and V. T. Tolok

A STUDY OF RESONANCE EXCITATION AND

CERENKOV DAMPING OF HIGH-FREQUENCY

PLASMA OSCILLATIONS

Excitation and propagation of electromagnetic waves in a plasma is of

considerable applied significance. Two electrcmagnetic waves may propa-

gate in a plasma (the ordinary and the extraord nary one), each having its

own phase velocity, polarization, and damping. The damping of electro-

magnetic waves in a plasmais attributable to collisions, as well as to
collisionless mechanisms (Cerenkov and cyclotcon absorption). In the

range of frequencies much less than the gyrofrequency of the electrons

and greater than the gyrofrequeney of the ions, there exists a long-wave

o_cillation mode whose phase velocity may be less than the thermal velocity

of the electrons. Man.y electrons will effective y interact with the field

of this wave, and its Cerenkov damping is therefore considerable. The

ratio of the collisionless damping length to the vavelength in this case

is Ill
lL a1_._)H

_. 12.)' _,,' (1)

eH,i

where _H=mc is the gyrofrequency of the electrons, H0 the external magnetic

field, v, = If zm_--!_the thermal velocity of the ele__trons, a, a
coefficient

depending on the angle @ between the direction ,,f propagation of the wave

and the magnetic field (with O _ 1, a,_ 1).

The wavelength in a homogeneous plasma cy inder, as in the case of a

"cold" plasma, is determined by /2/

(Op(D

where _ is the plasma frequency k, the radial _ave number.

The damping length in collisions between electrons and ions is ]3/

_o' _'_" (3)

where v is the effective collision frequency of electrons and ions, as(0)_l.

In a rarefied hot plasma, the collisionless damping (1) may be substan-

tially higher than the damping by collisions (3).

Some problems of the excitation of plasma o_cillations in the region



(_ << (,_,_were considered in J4.5]. A theoretical study of the absorption of

these waves in an inhomogeneous plasma cylinder was made in /6/.

In the present work we studied resonance excitation and damping of

waves of frequency ,,J<<m. in a plasma cylinder in the presence of a strong

longitudinal magnetic field.

_F
-4_ VHF

Oscilioseope _ Oscil]oscopc

FIGURE 1. The experimental setup:

1) magnetic-field Folcn_[d; 2) d_.s_ barge tube; 3) exeitatLon _oil; 4) lgP-51

spectrograph; 5_ VIIF measuring_:harmel; 6, 7)inturilal aud external

magnetic probes; 8) v()|tage-measuring ¢ ircuil:; !_) ga_-pu.lping .ysterll.

The excitation and the damping of waves with frequencies substantially

I mH) was studied on theless than the electron cyclotron frequency ((,__

experimental setup previously used in an investigation of the excitation

and damping of ion cyclotron waves /7/. A schematic diagram of the

equipment is shown in Figure I. The plasma was generated by high-

frequency currents flowing through an excitation coil. The coil, comprising

four sections in "head-on" coupling, set up a space-periodic high-frequency

field of wavelength ko=15cm. The quasistationary magnetic field would

attain its maximum in 6msec, so that the magnetic field was assumed to

be time-independent at the instant of taking readings of the discharge

characteristics. The field varied by less than 1% in that time. The high-

frequency generator operated at 10Mc/s. The power generated could be

as high as 300kW with a pulse length of lmsee. The pulse length varied

between wide limits. The experiments were made with hydrogen and

helium in a pressure range of 0. 13-0.53 N/m 2 .

The measurements show that with high-frequency voltages of 30-40kV,

the load in magnetic fields of 25-80kA/m is high (300-1000Oe). With

80kA/m, the electromagnetic wave propagates along the magnetic field.

The wave amplitude H, measured with a magnetic probe held at a distance

of 25 cm from the edge of the coil is shown in Figure 2.

Figure 3 shows that the excitation of these waves clearly follows a

resonance curve. The alternating high-frequency fields are maximal

(H, _ 8 kA/m) when the generator frequency and the excitation coil period

are equal to the frequency and the wavelength obtaining from the dispersion

relation (2). In the experimental magnetic field of 80kA/m, resonance



FIGURE2. Oscillograms of circuit voRagc [ c(a)

and magnetic probe signalUp (b).

excitation of waves with )_,= 15 cm is observed for plasma densities of

n,_5.1013 cm-3. This is fully consistent with the densities measured

by a microwave interferometer, n,_(4-8).1013 cn1-3. Spectral measure-

ments show that the working gas was virtually full s ionized.
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FIGURE3. The amplitude _ vs. the external
magnetic field Ho.
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FIGURE4. T}m amplitude ofthephase-detector

signal (Uph) _s. the distance along the magnetic
field (L).

The propagation and the damping of the wave wa _ studied in magnetic

fields whose strength H0 was 10% less than the mag mtic-field strength on

excitation; the field was maintained constant along the plasma column.

All the wave-propagation parameters were measur.,_d in this length of
homogeneous magnetic field.

The travelling electromagnetic wave in a plasm_ cylinder may be

represented as ,_ e_+ _.... _. Applying a ring phase ¢ etector /8/, we measured

the phase shift in the wave both in the direction of t ropagation and at an

angle _'. The results of these measurements are plotted in Figure 4,b.

Curves 1 and 2 correspond to two positions of the magnetic probe at an

angle of 90°(Figure 4,a). The wavelength X, in these measurements was

10cm, re=l; the sense of rotation of the wave coincides with the sense of



gyrationof electronsin themagneticfield. Thelongitudinalwavelength
canalsobedeterminedbymeasuringthedistributionof H, outside the

plasma (H, _ Ko(le_r)]. The £, measured by this technique coincides with

the _, found from phase measurements.

The angle between the direction of wave propagation and the magnetic

field H0 i_ given by the relationt_0= _-_'. The radial wave number k, is

found from boundary conditions. Since the plasma is confined in a con-

ducting enclosure (the excitation coil), then of necessity I_ (k,R) = 0, where

R is the radius of the coil. Hence k,R = an = 3.8...., a, being the root of

Bessel's funetion of first order, Inour caseR=3. Scm, i.e., _,_i, so

that for X,= 10cm, 0_30 °.

As we have previously observed, all measurements were made in a

virtually constant magnetic field. Figure 2, however, shows that the load

Uc and the magnetic-probe signal Up have a distinct resonance appearance.
For given generator frequency, magnetic field strength, and excitation

coil period, resonance may occur due to the variation of the plasma density

in time. To confirm this suggestion, we measured the wavelength in

plasma at different times (Figure 5). A microwave interferometer was

simultaneously applied to measure the electron density of the plasma.

Figure 6 plots the electron density no measured with the microwave inter-

ferometer (curve 1) and the plasma density calculated from the dispersion

relation (curve 2) with kr = 1. The two sets of results are in satisfactory

agreement. Measuring the time-dependence of the wavelength in plasma,

we can thus find the density of the plasma and the nature of its variation.

_lw em
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FIGURE 5. The variation of the wave-

length ;_ with the length of the

high-frequency pulse, t.

FIGURE 6. The electron density nu vs. the

length of the high-frequency pulse, t :

1) microwave measurements; 2) calcu-

lations with a dispersion relation.

The variation of plasma density after the high-frequency pulse revealed

an anomalously rapid decay, similar to that previously described in ]9/.

Figure 7 plots the plasma decay constant T against the length of the high-

frequency pulse. As the pulse length increases from 200 to 600 _sec,

T grows from 100 to 250 psec. This points to an increase in plasma energy.

However, further increase in the length of the high-frequency pulse results

in an anomalously rapid decay of the plasma. The decay constant in this

case is as low as 20-30 psee.



The damping of the wave was studied by tracirg, with a magnetic probe,

the variation of H_ with the distance along the magnetic field. The reflection

of the wave at the end points of the system was virtually nil on account of

the high absorption and the considerable length of the system (_2m). We

see from Figure 8 that the wave amplitude decreases to 112.7 of the original

value over a distance of some 40 cm.

t00

2OO

/,

t

400 500 C,p sec

FIGURE 7. The decay constant T of the

plasma vs. the length of the high-frequency

pulse, t.

~

_z, tel. un.

tO 15 20 25 t,cm

FIGURE 8 Variation of H'z along the nqag-

netic fiel i, L.

The electron temperature is required if we a_e to establish the damping

mechanism of the wave. In our experiment, the electron temperature was

determined from the relative intensity of the spectral lines of helium with

the wavelengths X = 4921 and 4713/_ /10/. The raeasurements showed that

the electron temperature 7", increases fairly rap dly to 30-50eV, and

subsequently remains constant despite the incre_ se in the length of the

heating pulse.

This phenomenon can be explained if we assuzne that the electrons lose

their energy in the excitation of impurity atoms lnd ions with high ionization

potentials.

For the measured temperatures and densities, the collision damping

length according to (3) should be /col _ 104, which is greater by two orders

of magnitude than the experimentally measured clamping length. The

collisionless damping length according to (_ is ,_ = 60 cm. The measured

! is 40cm. We have thus clearly detected Cerenkov absorption of electro-

magnetic waves in our experiment.
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V.V. Dolgopolov, A. I. Ermakov, N.I. Nazarov,

K. N. Stepanov, and V. T. Tolok

CERENKOV ABSORPTION OF "WHISTLERS" IN

AN INHOMOGENEOUS PLASMA COLUMN

1. The phase velocity of the electromagnetic waves of frequency _ which

is much greater than the gyrofrequency % of the ions and much smaller than

the gyrofrequency i_,1 of the electrons is known to be much less than the

velocity of light in a high-density plasma /1/, * The slow waves effectively

interact with the plasma electrons, whose velocities along the magnetic

field, V,, are close to 0_ where _ is the projection of the wave vector onto
T'

the direction of the magnetic field. The damping of "whistlers" in an

unbounded plasma with -_- >) V,, where V, = is the thermal velocity
of the electrons, was investigated by Shafranov /2/ and Gershman /3/;

K. N. Stepanov /4,5/ studied the phenomenon assuming an arbitrary relation

_ and V,. Since the length of the Cerenkov damping of "whistlers"between -g

is much higher than their wavelength, they easily penetrate into a dense

plasma. Cerenkov damping of "whistlers" may therefore be applied for

heating the electron component of the plasma.

In the present work we investigate the absorption of waves of frequency

_ << _ << _ propagating along a plasma cylinder and the possibility of heating

of the electron component of the plasma with these waves. **
2. Let us consider the _erenkov absorption, by plasma electrons, of

the energy of the electromagnetic field generated by external azimuthal

electrie currents of density

/col= jo cos (kz -- _t) _ (r -- R),

* These waves are known as "whistling atmospherics" or ";,histlers"; sincere q; lint i, these waves may also
be called electron Alfven waves.

_* An experimental study of the excitation and absorption of "whistlers" in a plasma cylinder has been

presented in /6/.



which flow through the coil enclosing the plasm _ cylinder.

and the magnetic fields of the wave are found fzom the equations

i OEz 4- 4,_i_o .
E, = -- y • -a,- _,_ 14

e_E_ 1 dE_ I E
--ar'-}-7 • --_ -_(k'_- _-) ¢= __ 4ai_o.c_._ IV;

ikr]= + _-7(rj,) = 0;

H=--Lc rotE,
(o

The electric

1)

where

j = e f VfdV.

The deviation of the distribution function [ from the equilibrium distribu-
tion F0 is determined from the equation

0, V_ Ot e Eo at o, e ( + ) OFoi(kV,--o)[+V,_;-+-7--._-+- _ ,ov--_--%_-=--W E+ IVHI -_-, (2)

where Eo is the strength of the equilibrium radial electric field resulting

from charge separation;

% pro _E¢o
Fo=f°+ % _o, _ /

f mV 2 ]

_o 12aT " (r).,ml,, ,

Here we operate in cylindrical coordinates, zhere the axis z is parallel

to the external magnetic field H0:

r=(r,% z); V=(V=, O, V,); V, _ V.. cos (O -- qO;

V(r= VI sin(O --q_).

Ve I I :__
We assume that 8anoT, << H_, rt = _(( %-, _x' a; where _ is the character-

istic distance over which the field E varies; a tie radius of the plasma

cylinder. Equation (2) can be solved by succes,;ive approximations. Setting
[ =f 0!+ _,_ + .... we find

where

F°_= _ IE, cos (0 -- (p)-- E, sin (O -- _)l + C;

/(I)= V2-sin(O--q_) OC eEosin(O-- t_) OC

% T 4 ,.% o-_, (3)

,e [ _±to /oE_ e_ ) z, Olo V,E/o v.n_ _a/o _e#o/Ic=_F_,r,_-_+-;- +_., o, _ +_to-;- _--/t

Applying (3), we find the following expression f( r the current density in the
plasma:

j = jfo_+ j.>

lO



where

]_o) Q_ 4o) f22

4:_¢o0,_or _f2'V'2 _-87- + ;

/to} = ifl2 (] /OE_ E_) i_'eEo ,mQ'+ n)[_7- + -- + (1 + n)E_ -- + n)E,.

(4)

Here Q = [4_'nolr) 1'/, is the Langmuir frequency of the electron;

o

Substituting j from (4) in (1) and setting E=E(°)+E °), we find

whe re

O'E_°) 1 OE_m ( m,_, k2 11Emj

--bTv°'E_".17_7 ' _--°E_'+ ,co_,----_(_'a' -- k'- _ ) E_' = k_X.

(5)

(6)

=± + [o,
Let E_°) = A,(x), where _(x)is a solution of equation (5) meeting the condition

_(0) = O (x _ kr). Then

With ka < x < kR,

H_01 lkc A t O_ 4-

With x > kR,

From the conditions

(x) = all (x) + fiK_(x).

e'¢°' = aKl (x); n_°'= _ BKo(x).

E_(R--OI--E_'(R + O) = O;
4n

H_m(R -- O) -- H_°' (R + O) = _-- ]o

we find the constants A and B:

4aim/o , .
A 4ait0i,RK_ac,(kR) . B = _ lat, (kR) + [JK, (kR)].

The solution of equation (6) for • > a has the form

whe re

E_) o=--_-Kt(x),

D = f _Xxdx.
o

I1



Hence

= -- _ DKo (x).

Applying the foregoing expressions for the fi?lds, we can find the inflow

of energy per unit length of the plasma column:

3,

_a

S _ 4n2mI_R"K_(kR)/' dx V zl_e-;' [O'alra" Olx*l'(Z Ve2 /'a (x*n') \'l

- V,,, thenIf ka_ 1: O _a; T

(7)

cE H z 8."tnoTrS _ 2as--_-'z .
4n H2o

= 4_tlotoa
where H_ 4n/0c is the amplitude of the alternating magnetic field, E_ =

the amplitude of the azimuthal electric field. "[he mean energy acquired by

a_ S is equal in its order of magnitude toa single eIectron, _ _a'n°'

a_, m, ,,T,. (8)

For example, with Hu _104G; co _109 sec -1 _10 -2 o_,; T, '-,100 eV, and

ato
Hz_30G, we have-_-_lMeV]sec.

This absorption of the wave energy is conditioned by the resonance

electrons having V, = _ which drift in the azimuthal direction in the constant

magnetic field and in the weakly inhomogeneous and slowly varying field

of the wave (kr L :_ l; ca << I%t). The electric field _, of the wave performs

positive work on these drift currents. Note tha: the resonance particles

also effectively interact with the fields E, and E,; the interaction with the

field E, raises the energy of the particles, while the interaction with the

field E, lowers their energy. The two effects, [owever, are mutually

cancelled. If we consider an electron as a magnetic dipole with a magnetic
m t"_ T OH_

moment _ = 9H0 H0' this dipole experiences a f3ree _ I_-W-. Dipoles having

longitudinal velocity in the range -_--AV<V, <2 +AV, where AV_V, tt--_'

are "trapped" in the potential well and effective:y interact with the wave.

O_ IO

If V, > -T' the dipole loses its energy to the wave; if It, < Tit is accelerated

by the wave field. Since in a Maxwellian distritution fast electrons are

less abundant than slow electrons, there will be a net transfer of energy

from the wave to the particles.

In this particular frequency range, the mechanism of collisionless

damping is thus analogous to the mechanism of _andau damping of longitu-

dinal plasma oscillations with H 0 = 0 (see, e.g., 7[, the quantity _ oN
e Oz

playing the role of the longitudinal field E. A similar mechanism governs
the absorption of low-frequency oscillations in "magnetic pumping" ]8,9].

In the absence of collisions, the absorption o_ energy by resonance

particles will lead to the formation of a plateau )n the equilibrium

12



w

distribution function 10at V,_ _-. Formula (8) derived in the linear approx-

imation applies to weak fields H_ only, when the energy gained by resonance

particles between two successive collisions (T being the time to collision)

is much less than T,. No plateau forms in this case. Since the number

aW
of resonance electrons in unit volume _ n0-pT, the critical field H, = Hcr

producing noticeable distortion of the distribution function can be estimated
d_, Ue

from the condition T_t • A_=_ T,. Hence

ttc_- Ho(_r)-'/'. (9)

Since T _ TI', then for¢o _ kV, _ I/-T. the mean energy of the particles will

grow as

,ta:, To _ t7'° V,

dt %( ..... )"_ [ 17!

where To, T.. and o_, are the initial values of T,, _, and o_. Hence it follows

that T, _ w increases wlth time as

t

r,=r0(l + ,0(_0-T,I'"l'''t

For example, with H,, _ 1T, n,,_ 10 la cm -a, _ _10 9 see -1,

T 'e/,

T_7_ 10 _'Sec, Hcr_ 10-e T.

With T, _ 10 keV,

T _ 10-2see; ltcr _ 10 _ T.

tIeatingto T,_10 keV takes t = 0.1see.

The heating of the plasma can be enhanced by applying several waves

with phase velocities differing by 2-3 At.'. The maximal number of these

waves is of the order of_ _ , and the criticaI field of each wave is

given by (9). In this case, with H _ //cr dw Te, _F _ -- and

± i'_' ( 1o)
T, = To (1 + -r0 ]

"Whistlers" with the phase velocity _- _ V, can be applied to heat up the

electron component of a dense plasma (no _ 1014 - 10 t5 cm-a). The electro-

magnetic field of these waves easily penetrates into the plasma, whereas

the high density ensures rapid thermalization of the energy acquired by

the resonance particles.

4. In the foregoing we have considered forced plasma oscillations where

the wave vector k is known, being equal to the wave vector of the excitation

currents. Let us now consider the absorption of the energy of free oscil-

lations propagating along a plasma cylinder and calculate the damping ratio.
The electric field of the wave in this case can also be determined from

equations (5) and (6), where the real wave vector k must be replaced with a

13



complexquantityk" = k + ix. Let _, (r) be an eigenflnction of the equation

a,,, t 0,, / _,n, I

+vT a ) k_

corresponding to the eigenvalue k_ (k) (where k is a )arameter). The disper-

sion relation specifying the wave vector as a funct on of frequency clearly

has the form k, (k) = k.* We seek the solution of equation (6) in the form

E = O, where

=Zc_; ct=c_ °)+c/n+ ....

and c_°' = 6,. Substituting this expression in (6) and setting x << k, we find

where

r. we find

omitted).

_c,(k_ - _)_, = L'_,, (11)
i

\ ¢%k d

LQI(I "+ /])r

Multiplying the two sides of (11) by r_¢,and integrating with respect to

i drr_/'LCp, = 0 (terms of second order of smallness have been

Hence the damping ratio

_tQ

+  ,-Ta)O (12)

I 1+ vllJga* Ox '

where

kla

o

If karl; R_a; T _._.V,, then in orders of magni:ude

VotOt_,s
u_ . (13)

"°:(' + _)

In the experimental conditions of /6/,k_0.5 cnt -1, _,_200t_ _10 *° sec -1,

n'_5"10 is cm -a, and V,_5.108 cm/sec. From(l}), the damping length

l = i/x _ 100cm, which is consistent with the experimental figure l = 40cm

(the damping length in Coulomb collisions Icol "" l0 _ cm).

o*_ 4 3
• Note that oscillations may propagate only if in a certain region _ > --

_k_ 4ksr_"

14
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M.P. Vasil'ev, L.I.Grigor'eva, V.V. Dolgopolov,

B. I. Smerdov, K. N. Stepanov, and V. V. Cheehkin

EXPERIMENTAL STUDY OF THE ABSORPTION

OF R-F ENERGY BY A PLASMA NEAR ION CYCLOTRON

RESONANCE.

The present paper deals with the results of an experimental investigation

of the absorption of r-f energy by a dense plasma near the ion cyclotron
resonance. Unlike /1,2/, where the plasma was created by a powerful

high-frequency generator and energy was transmitted by the so-called Stix

coil, we used a pulsed hydrogen discharge with vibrating electrons as a

source of plasma. The r-f power was fee into the plasma by a length of

an artificial LC-line supplied by the higher harmonic of a self-excited

generator. The computational principles for these systems are described

in /3/. The LC-line has a lower input impedance than the Stix coil, so

that power of much higher frequency can be fed into the plasma at com-

paratively low voltages. Furthermore, the input impedance being low, the

external longitudinal r-f fields are relatively small. If the external fields

are strong, the plasma electrons will rapidly escape to the discharge tube

ends, and streaming instability may arise.

We measured various plasma parameters, e.g., the cross-section

average electron density in the discharge tube (using a microwave inter-

ferometer), the electron temperature (from the relative intensities of

singlet and triplet lines of helium, which was injected in small quantities

into the tube), temperature of ions (from the Doppler broadening of the

H_ line). The r-f power fed into the plasma was measured using a pulsed
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transmitted power meter (PTPM); under optimal conditions it amounted to

18 kW.

We studied the dependence of the r-f power absorption in the plasma on the

magnetic field strength and on plasma density in the range (3 -0.76) • 1013 cm -3.

The results were compared with the theory of r-f energy absorption

ina cold plasma near the ion cycIotron resonance /4/. The plasma density

was satisfactorily recovered from the displacerr_ent of the absorption peak.

The halfwidth of the resonance power absorption curve was found to agree

in its order of magnitude with the approximate theory.

The plasma energy balance was also considered. When ion resonance

absorption of the r-f energy was observed, almost the entire energy was

transmitted to the cold plasma electrons, and the temperature of the ions

could not exceed 1 eV. To achieve substantial heating of ions near the

cyclotron resonance, the electron temperature must be near or higher than
10eV.

Equipment

The block-diagram of the experimental setup with the measuring equip-

ment is shown in Figure 1. In the following we give detailed description
of some of the units.

FIGURE 1. Expert;nental setup

Source of plasma. The plasma was created in a longitudinal magnetic

field by a pulsed hydrogen discharge with vibrat;ng electrons; hydrogen

pressure 1.3-0.12N/m 2. Internal diameter of ¢ischarge tube 7cm, cathode

separation 88 cm, distance between ring anode and nearest cathode 6 cm.

Plasma formed when a 6gF condenser was disch arged through an ignitron

into the anode-cathode gap. The condenser was charged to 3-5kV.

Oscillation period of discharge current 36psec. The ignitron was killed

after the second half-period. Among the advantages of this discharge
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wehavethecomparativelyhigh stability of the plasma parameters (from

pulse to pulse), breakdown without preliminary ionization at low pressures

of up to 0.0065 N/m 2, high degree of ionization (apparently over 50%),

relatively high temperature of the plasma when conducting current

(T, _ 50eV, T_ _ 5eV).

Magnetic field. A quasiconstant longitudinal magnetic field H was

generated by discharging a 6000/_F condenser bank through an ignitron

and a solenoid. The discharge current half-period 18 _sec. The solenoid

coils gave a magnetic field which was uniform along the central part of the

tube (_ 1%) and increased at the ends forming mirrors with 1.4 ratio. The

cathodes of the plasma source were located at points of maximum field

strength, in the mirrors. The field strength was calibrated against the

electron cyclotron resonance in a low-density plasma at a frequency of
10c/s. The plasma source was turned on at the instant when the magnetic

field reached its peak value. All measurements were made within 500_sec

after plasma ignition. The field strength within this interval could be

regarded as time-independent with a fair accuracy.

LC-line and r-f generator. The r-f energy was fed into the plasma

by an LC-line having the following parameters: internal helix diameter

7 cm, helix pitch 7]8 crn, cell length (distance between contacts for con-

necting the condensers) 7cm, number of cells 11; 450_F ceramic

condensers were used. The ends of the helix were grounded through 104pF

condensers. The line was excited at 7.5"106c/s (frequencyofplasma-loaded

line 7.45 • 106 c/s). The length of line in this case accommodated 7 half-periods

(axial period _ = 23 cm. ) A line segment 5 half-waves long was fitted onto

the discharge tube, in the region of the uniform magnetic field. The

remaining part of the line of length )t outside the solenoid was connected

to the generator. The unloaded Q at the line working frequency was 200.

The line impedance at voltage antinodes was 800 ohm.

The functional diagram of the self-excited generator is shown in Figure

2. The vacuum tube used is a triode GU-4A. The LC-circuit steps up

the tow sending-end impedance of the loaded line to the optimal load

lit>.....
FIGURE2 Generator circuit.

resistance of the generator tube

(500ohm). This LC-circuit is coupled

to the line at a voltage antinode by a

half-wavelength cable RK-6. The

line-grid feedback is also realized by

a half-wavelength cable IRK-6. This

resistance step-up circuit does not

interfere with the rated working con-

ditions of the generator as the line

resonance frequency varies within
+7% about 7.5" 10 6 c/s.

The generator was adjusted to a

pulsed mode of operation by means of

a keying thyratron borrowed from /5[.

With no load, the envelope of the r-f

line voltage gave a square pulse, whose

length could be smoothly varied from

500 to 104psec. In the experiments described the length of the r-f pulse

was 3msec. The generator was turned on 300usec before plasma ignition.
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Themaximalr-f powerfedinto theplasmanear_heioncyclotronresonance
was18kWwithanodevoltageof 5kV.

Procedure

Plasma density. The cross-section-averaged density of the electrons

in the discharge tube was measured with a microwave interferometer at

a wavelength of 8.1 mm. The transmitting and the receiving horns were

pointed to the plasma between the end of the helix and the anode (see

Figure 1). In the presence of a r-f field, the plasma density was found

to decrease exponentially with a time constant of 80/_sec in a density

interval (1.7-0.76). 1013 cm -3, which could actually be measured. We

extrapolated this dependence into the region of higher densities, up to

3.1013 cm -3.

Electron temperature. The electron plasma temperature was determined

from the relative intensities of the singlet and triplet helium lines (He I4921

and He II4713). To this end, the discharge tube was filled with helium

(5% in relation to hydrogen pressure). All the optical measurements were

generally made with an ISP-51 spectrograph, coupled with a long-focus

camera UF-85 ([ = 1300mm); a photoelectronic attachment with a FEU-17

photomultiplier was provided at the camera outlet.

The time variation of 7", was measured by alteI nately setting the spectro-

graph to the two lines, and averaging the intensiti._s over many pulses.

_0
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FIGURE 3. Plasma temperature vs. time

after plasma ignition.

Figure 3 plots the corresponding variation

of electron temperature with time after

plasma ignition. In the lower part of the

figure we show the time curve of the dis-

charge current. Our results for 7", support
the conclusion ]6/ that the electrons in

discharges of this kind cool rapidly when

the discharge current is turned off. In

our case, 7",< le _r for x > 60psec.

Temperature of ions. The ion plasma

temperature was iaeasured from the Doppler

broadening of H_. The line profile at

various times was obtained by a variety

of the scanning technique. The input slit

of the optical syst,.m was narrowed down

to some 20-40g, _nd the H_ was left

outside the slit. "]'he slit was then gradu-

ally broadened, and the line intensity vs.
slit width was meesured at constant intervals.

The measured intensity is clearly propor-

tional to the integral over the part of the

line profile exposed by the slit. A whole

family of these "integrated curves" taken

at different times during the discharge

life could be plotted. If the line profile is Gaussian, the distance AkD

between the abscissas of the points having the ordinates 0.12 and 0.88 Sm
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onthecorrespondingintegratedcurve(S,, being the peak ordinate, repre-

senting "saturation") is equal to the line half-width.

Figure 4 plots the experimental points used in calculating the temperature

of the excited atoms. The figure also shows a calculated integrated curve

corresponding to this temperature. The spread of the experimental points

about the theoretical curve does not exceed the margin of error in our

measurements. Figure 3 gives the variation of T_ with time after plasma

ignition, with the r-f generator

FIGURE 4. Temperature ofionsdetermined

from line intensity vs. slit width curve,

signal proportional to the active

turned on, for a magnetic field of 0.56 T

and pressure of 0.2 N/m 2. This dependence

was obtained by treating the corresponding

integrated intensity curves of H_. An
instrumental width of 0.3_ was assumed

in calculations. Unfortunately, this

technique was inadequate for measuring

T_ at r > 60_sec, when substantial resonance

absorption of r-f power was observed,

since the line intensity at that time was

already too low. However, an evaluation

of the plasma energy balance will show

that the ion temperature, even in conditions

of intense r-f power absorption, cannot

be much higher than 1 eV.

R-f power. The r-f power fed by the

generator into the load was measured by
a PTPM described in [7[. This device

measures the pulsed active power in a

load with time-variable parameters, and

it is coupled to an oscilloscope displaying

the waveform of the power pulse. A

power was obtained by utilizing the mul-

tiplying properties of a pentode, with r-f signals proportional to the

transmission line current and voltage impressed on its control and screen

grids. The current and voltage probes were placed in the generator.

Figure 5 is an oscillogram of the r-f line voltage (top) and of the total

r-f power fed into the line in the presence of a discharge (bottom). A

signal proportional to the r-f voltage in the antinodes was picked up from

the resistive divider and fed directly to the oscilloscope input, Time base

420psec. The time of plasma ignition can be determined from the time of

appearance of a power pulse.

The power pulse can be divided into two stages in time. The first

stage takes some 100psec, as longaa plasma densities are greater than
5.1013 em -3and the electron temperature is high. The absorption of r-f

energy in this stage is not resonant: it does not depend much on variation

of magnetic field strength. The nature of this nonresonance absorption

is not clear yet.

The second stage of power absorption sets in roughly 100psec after

plasma ignition, when the density has dropped to 5.10 is cm -3 and the electron

temperature is less than 1 eV. This is a distinct resonance absorption,

varying with the magnetic field and existing only in magnetic fields some-

what higher than the field corresponding to the cyclotron resonance of a

single hydrogen ion.
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FIGURE 5. Oscillograms of r-f line voltage (top) aa] transmitted power
(bot on ) l

It is this stage of r-f energy abserption by a plasma that has been in-

vestigated in the present study.

Absorption of r-f energy near ion cyclotron resorance.

Comparison with theory.

Figure 6 shows a system of curves displaying the r-f power absorbed

by a plasma as a function of the magnetic field strength for various plasma

densities. These curves were obtained by treating the oscillograms of

power pulses, like that shown in Figure 5, taken _'or different magnetic

field strengths.

P. kW

$'

i.@/"
Ct$5 0_50

A

k3 k2 r"

55 o.6O _1, •

FIGURE 6. R-f power absorption in a

plasma vs. magnetic field strength:

1) n= 3'10ts; 2) 1.7"t0ts; 3) 1.1"10s

4) 0.76" lOts crn -3.
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All the curves are averages of a great many measurements. The

hydrogen pressure was invariably 0.2N]m2; r-f line voltage 2.3kV. Peak

power absorption (18 kW) occurs at a plasma density of 1.7 • 1013 cm -3. The

dashed line in Figure 6 marks the cyclotron magnetic field H0.

Let us compare the experimental results with the theory. In our case

(n_ 10 is cm -3, T_ _ leV, T_ <_ leV), the absorption of the r-f energy near

the cyclotron resonance should be conditioned only by collisions of ions

with other plasma components, the contribution of cyclotron damping being

small.

A theoretical calculation of the absorption curve from the general

formula (11) in [8/ ishighly complicated and will hardly help in our case,

since the exact values of T, needed to calculate the collision frequencies

of ions with electrons and neutral atoms are not known. The most reason-

able approach is to compare the experimental curves with the approximate

relation from /4/

S= (1)

where

x_,,. x= --_ - (2)
f = {X% + _o -- ¢o_p + Vg 2k_l cJ'

S the r-f power absorbed in unit length of the plasma column; io the current

through the helix (per unit length); R the helix radius; a the radius of the
k rlc . 2a

plasma; nil= _-, k_l=_-the axial wave number; _, ion gyrof,'equency;

ti t ion plasma frequency; _' ion effective collision frequency; K_ Macdonald

function.

Relation (1) has been derived for the case of long wavelengths or small

plasma radii, when ktla (< 1 and k±a 4< 1, k±being the radial wave number.

In our case k,a_ 0.8 and klan-- 1.5, so that we may expect only order-of-

magnitude agreement of the theory with the experimental results for the

line half-width, the peak absorption power, and the displacement of the

peak absorption relative to H0.

As we have already observed, the exact y is not known. We therefore

make use of the fact that, in accordance with (2), the peak absorption

power is proportional toX_,/y. Setting the S for peak absorption equal

to the corresponding experimental quantity, and substituting the measured

plasma density in the expression for X, we find ¥. Thus _/ can be calculated

if we assume that the power is absorbed in interparticle collisions only

and apply formulas (1),(2). This approximation can be evaluated by examin-

ing the fit between the half-width of the experimental curve and the

theoretical half-width calculated from (1) and (2) (which is equal to 2y fi_,).

Another independent criterion for the applicability of this approximation

is to calculate the plasma density from (2) using the experimentally measured

displacement of the absorption maximum from the cyclotron magnetic field

H,. From (2) it follows that the peak absorption occurs when

X_ _ o--u_,=O. (3)

Substituting the measured displacement ¢o -- ¢o,, we find X and hence the

density. This quantity can be compared with the measuredn.
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In our caseR =3.5cm, j0 =30A/cm(/0 can be calculated if the line voltage

and impedance are known), ¢_ = 4.68 • 107 sec-1; a is taken equal to the

internal radius of the discharge tube (3 cm).

The effective collision frequency 7, the hal_-width of the absorption

curve, and the density for the curves in Figm'e 6, all calculated from

(1) and (2), are compared with the experiment:l data from the table; the

peak absorption of r-f power is also given in this table.

Density, cm -3

Measured

3.0' 10 t3

1.7" 101_

1.1' 10 ts

0.76" 10 _

Calculated

f[om peak

displacement

(3)

3.03" 10 'q

1.71 • l0 s

1.14" l0 s

0.78' l0 s

Half-width, _

Calculated

Measured from

(1) and (2)

22.6 16.3

13.0 12.7

9.7 11.1

6.5 14.1

Effective

collision frequency
calculated from

(1) and (2),
see- 1

3.8" i08

2.5' i0 s

2.6.106

3.3" i0 S

Measured

peak absorption,

kW

15.6

18.0

12.7

8.5

We see from the table that the measured density is virtually identical

with the density calculated from the displacement of the absorption peak.

The half-widths, however, show satisfactory agreement with the theory

for the densities of 1.7 • 1013 and 1.1 • 1013 cm -t only. Since our case does

kw

I5

'/'/
l

tO

I'/ *,

;,,'/ i\
5 I

!../

0 I
0.$5 a,qO 0.55 0.t[0 K T

FIGURE 7. Absorption curves for plasma

density of 1.7 • 101Scm -n :

1) experimental; 2) theoretical.

not meet the ba sic requirements for which

relations (1) an i (2) have been derived, we

can hardly expect a better agreement.

Furthermore, the radius of the plasma

column is a somewhat uncertain quantity,

and we arbitrarily set it equal to the internal

radius of the discharge tube, assuming a

homogeneous plasma density across the

tube. Figure 7 gives the experimental

absorption curve plotted for the density of
1.7.1013 cm-Z(.iashedline), and the corres-

ponding curve calculated from (1) assuming

equal peak abscrption (solid line).

It would be i ateresting to establish what

collisions exactly are responsible for the

absorption of r-f power. We could try to

answer this question by examining the

absorption curve for the density of
1.7 • 1013 cm -_ , where the measured and

the calculated half-widths are in good

agreement. Te estimate the contribution

of collisions be ween ions and neutrals, it

suffices to mea _ure the peak power (or the

half-width) for i constant plasma density,

but various pressures, calculating 7 from the aaeasurements. Extrapolat-

ing the function "e (P) in the direction of low pressures, we find ,¢_,conditioned

by electron-ion collisions only.
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FIGURE8. The effective collision frequency
of tons vs. pressure

Figure 8 plots the variation of the collision frequency with pressure.

This graph was obtained by treating the absorption curves for the density

of 1.7.10 I_ cm -3 and pressures of 0.2, 0.47, and 0.87N/m 2. The frequency

7 was calculated from peak absorption, and it coincides to within 10% with

determined from the half-width. Extending the experimental line to its

intersection with the vertical axis (p = 0), we find y,, = 2.25 • 10 6 sec -I for

the frequency of Coulomb collisions between electrons and ions. It thus

seems that for the case depicted in Figure 7 the collision frequency for

ions and neutrals is 0.25.106 sec -I, i.e., a mere 11% of the total effective

collision frequency of the ions. The effective frequency of ion-electron

collisions is determined from the well-known relations /9/

'Yir = -- -- InM [rT. 220-_ (4)

where m and M are the masses of the electron and the ion, respectively.

The electron temperature estimated from relation (4) for this case is
1.5 • l0 s °K.

Energy balance in a plasma

In our case, the peak r-f power fed into the plasma near the ion cyclotron

resonance is 18 kW for a plasma density of 1.7 • i0 Is cm -s. The volume

occupied by the plasma is approximately 2500cm 3 . Hence, the mean power

per Icms of plasma is 7.0J-cm -3- sec -I. The electron temperature, as
we have shown above, is 1.5 • 103 °K.

The r-f energy is transmitted from the generator to the plasma ions

directly, so that the temperature of the ions should be greater than T,.

The ions will therefore lose heat to the electrons. If the amount of energy

lost by ions in collision with neutral atoms is neglected (in our case this

simplification is justified, since as we have showny ._ y_,), we can maintain

that thermal equilibrium sets in at a temperature when all the energy gained
by the ions in the r-f field is transferred to the electrons.

The specific energy transferred from ions to electrons in 1 sec /10/ is

I_'kr" I"' '_ "' ( kr, 1="1
w,.=.'k(r,--r_),_, -_-(--r-)ln[12.n,,_._/ j, (5)

where k is Boltzmann's constant.
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Setting the right-hand side of (5) equal to t!ler-f power absorbed in unit

plasma volume, we can estimate the temperature of the ions. In our case

(rz= 1.7. 1013 cm -3, Y,= 1.5. 10 3 °K, w,_=7.0J-¢m 3.see-I), this gives

T_= 1.1 eV.
It is much more difficult to find how the el ._ctrons expend this additional

energy. In any case, judging from the rate o" cooling of the plasma, the
thermal losses of the electrons appear to be _ xcessive when the discharge

current is turned off. We should note that th(re is nevertheless a slight

heating of the electrons in resonance conditio_ls. This follows from the

dependence of the It_ intensity on the magnetic field strength (see Figure

5 in /3]). This is clearly a resonance dependence, reaching a maximum

in fields H corresponding to peak power absorption. However, in absolute

value, this maximum amounts to no more than few fractions of a percent

of the It_ intensity observed when current passes through the discharge.

To heat the ions substantially, we should increase either the generator

power or the electron temperature. An estimate based on (5) shows that

for plasma densities of 1.7"1013cm -3 anda moderate electron temperature

of the order of 10 s °K, the same specific powder of 7.0 J-cm -3.see -1 would

suffice to maintain the temperature of the electrons at the 3" 10 6 °K mark.

In the experiments described in /1,2/ the high electron temperature is

apparently maintained by strong high-frequency longitudinal fields E,. In

our case, E, is much weaker. An additional source of energy should there-

fore be applied to heat the electrons. Note that a plasma with a fairly high

T, does exist in our discharge when the current flows through, but in this

stage occurs the nonresonance absorption mentioned above, whose nature

is not yet clear.

The plasma electrons may be heated in a c ischarge tube by harnessing

the phenomenon of VHF electron cyclotron resonance. The results obtained

in this direction /10/ are most promising.
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M.P.Vasil'ev, L.I. Grigor'eva, V.V. Dolgopolov,

B. I. Smerdov, K. N. Stepanov, and V. V. Chechkin

CYCI,OTRON RESONANCE IN AN INHOMOGENEOUS

PI_ASMA COLUMN

The heating of a plasma column by a r-f field utilizing the ion cyclotron

resonance has been studied in /1-3/. It has been assumed, however, that

the plasma density and the temperature of the ions are constant across the

plasma column. In the present paper we consider high-frequency heating

of a plasma column by external currents under conditions of ion cyclotron

resonance, when the plasma density and :he temperature vary along the
radius.

Let us consider cyclotron heating of a plasma cylinder immersed in a

longitudinal magnetic field Ho and a high-frequency field set up by the

electric currents flowing in a thin coil enclosing the plasma column. The

current density in the coil is assumed to have the form of a traveling
wave:

<,,1_/°cos (_z- _,,t)a (r- R), (1)

where R is the radius of the coil.

is determined from the equations

c01 , 4r,,/

rot rot E ---_- (,E + -5 j)= O. (2)

H = --@rotE.

The current density in the plasma

j= E e,_.i'vf,_dv,
a

where I_ is the deviation of the distribution function of particles of the

species a from the equilibrium distribution

m_, ,_o1,) m.:
t0. = exp[-- 2r-<ra]

{2a_r a (r)l'"

ttere no (r)= 0 for r > a (a being the radius of the plasma column).

The function [_ is determined from the kinetic equation

O/,, h ot,_ ea 0/_ O/
i(lev_'--m}b'+v'-Or +WO_ +,n_ E--_=0' (3)

&:

The electromagnetic field in the plasma
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ea]'] o .

where _ = _ Is the gyrofrequency of particles cf the species a; 9the

polar angle in the velocity space.

We shall deal with a low-pressure plasma, when the magnetic pressure

is much higher than the gas-kinetic pressure created by the plasma particles.

In this case, the wavelength of the free plasma o_cillations of frequency

_ ¢_, is known to be much higher than the Larmo:" radius of the particles

with a mean thermal velocity v_ = . If the wavelength of the forced

I

oscillations, T ' is of the same order of magnitude as the wavelength of

the free oscillations (it is in this case only that ,_aves are satisfactorily

excited in a plasma), the thermal motion of the plasma particles across

the magnetic field may be neglected, i.e., in equation (3) we may omit the

terms proportional to t,_ and v_. Then from (3)

4_i ]i = [elSlk + (e3 -- el)hihk .+ ie2ea_h.] E_ (r); (4)
[d

where l _ 3 _

_w(z l)

%kvl ; (5)

e_ = --_-_ z, [1 + i V_z.w(z,)l;

0

Here f_ = (4nezn°(r) |"' iS the Langmuir frequency of the ions; z,=g_fkv
_-- U) 1

z_= V"Tkv_"
Expressions (5) for e_ and e2 apply inthe case of _"hot" plasma, whenthe

absorption of waves is determined by the thermal motion of ions (cyclotron damp-

ing), and collisions are little effective. This case cbtains when kv_ >>'y,where "y

is the effective collision frequency of ions with elec _rons and neutrals. In "cold"

plasma (,¢)_ kv_), the absorption of waves by collisio a cannot be neglected. In

this case _
81 _ 8| _

,_,-_; + 2_v (6)
m_

• s = mt (_ -t-iv,_ + ivn )¢o'

, m#where V = .-- + v,,,; _. is the collision frequency of ions with neutral
_'et /711

V-_e'n.A the
particles; v,, = V__r_/, collision frequency of i_ns with electrons; A =

=ln 0.37 the Coulomb logarithm; %, the coEision frequency of electrons

with neutrals.

Seeing that le ,lis much greater than[e, land that n_,=(_-)', we find from (4)

in II c ,, , E_

E, = i'_---E--E,; E_ = -_'_- I E_ -}- -7- ) ;
g I _ till[

H,=--n_E,; H,,=nI1E,; H_=--
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where the field E_(r)is determined from the equation

The "radial" refractive index n±(r) is obtained from the relation

_._,- _,1'-.; (8)

Let us so)ve equation (8 7 for the case of a low-density plasma (I ell << n_l)

and for the case of long-wave oscillations (c_---tn± Ia <(1). In either case,

equation (7) may be written

, I E
E_ + i E.+[x'(r)--k'---Ti -] ,=0,

I
wherel×2Jis small in comparison with k* +-_-.

0JI

Xl _--. _-- 81,

for long-wave oscillations

(9)

For a low-density plasma,

(107

x' = _ n_. + k'. (11)

We shall solve equation (9) by the perturbation technique. Setting

E_= E_' +E_+ .... (127

we have

From (13) we find zeroth-order E_ and H,:

for r < R

E_ °_ = A11 (kr); H_°_ = _ in IIAIo (kr),

E_ I = BK1 (kr); H_°_ = in tlBKo (kr),

(13)

(147

for r> R

where 1, (x) is the modified Bessel function, Kn (x) the Macdonald function.

The constants A and B are determined from the boundary conditions

(15)

(16)

4, . (1v7E(_°>(R-- O)= E_'(R+ 0); H_°)(R-- O)= H_°)(R+ o)+ _- 1o:

A= 4ailoORKl (kR) . B = A 6 (kR) (187

Substituting E_ °) in equation (14) we find for r < R

t r

o o (19)

n_" = _n,[- A,I,,(k,.)+ A [K,,(k,.) ,:#_(k,-),.a,.+ lo(kr) ,:1, (_) K, (k,'),'d," I

0
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and for r > R

E!_ 1) = BIKI (kr); /]_,|} = in ,iBiK0 (kr). (20)

The constants A1 and BI are determined from the condition of continuity

of E_ ) and H(_ ' at the point r = R.

The other field components are easilyobtainet from (7'). To find the

time-average flux of energy absorbed by unit len_h of the plasma column

S =2na_E_-_ ,

we must have the values of E_ u and H_ *_at the point • =a. From (197

(21)

E_ (a) = AKt (tea) (p (a); H_" (a) = in I_AKo(ka) ¢0 (a).

where

Hence finally

where

a

(a) = .! ×_ (r) 1_ (kr) rdr. ( 22)
13

2"2 9
4n io_R a

S = _ K, (kR)* (a),

(a) = Im _ (a).

(23)

Let us consider expression (23) in some part:cular cases.

For a low-density hot plasma,

a

*= S1/-;-_/ "_ (olkvt e ll (kr) r'lr.
o

(24)

In our approximation, as we see from expression(24), the profile of

the absorption line is symmetrical about the frequency ¢0 = c0,. The absorp-

tion profile in a layer of radius r is determined by the function e-q.

If the temperature and the density of the plasma are constant for r < a

(a "square"distribution of density), expression (24) takes on a simpler

form:

l:_a_ { _, ), [q (ka)- 10(_a)h (ka)l. (25)
=4V 20_kv_ c z

For a hot plasma with long-wave oscillations, when the "radial" wave-

length is much greater than the radius aof the p.asma column, we find,

applying expression (11) with n_ _ lel I,

where

a

*= lr(z'/"'; (26/
0

,f (z) _ e-'", (27)
(_ + u)2+ e-_:'

gn J
0
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Sinceu(z) <0for z <0andu(z)'-_ 0forz> 0, t_e peak absorption occurs

at a frequency ca < ca,. The graph of the function / (z), describing the profile

of the absorption line in a plasma layer of radius r, is plotted in Figure 1

(1) Z =0.1; 2) _ = 1.0; 3) [ =0.5; 4) _ =0.3 ).

For a "square" distribution, we have from (26)

k4a4

= -FC [ (z,). (28)

In a cold (y >) kv_), low-density plasma,

a

oJ _ _w oZ,_(_r)rd,
'_ = z: _(_--%)'+V" " " (29)

As in a hot plasma, the absorption is maximal at the point ca = ca,.

If the density of the cold plasma is not small, then for long-wave
oscillations with n_b _ lell

k4

i x_oy r_dr' (3 O)= T {_ -- % + xco,)2+ V2
0

where x= _. The absorption is maximal at a frequency co< ca_. Expres-

sions (23),(30) are in good agreement with the experimental results that
we have obtained in ]3/.

/
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FIGURE 1. FIGURE 2.
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For a "square" distribution of density, expression (30) takes the form

*= -_ I_-%+_,1'+_, (31)

The absorption curve (31) is symmetrical about the maximum at the

point ca = ca, (1 -- x).
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Deviation of the densiily from the "square" distribution additionally

broadens the absorption curve, which loses its symmetry about the maximum.

Figure 2 shows the power absorption curves (in relative units) and the

corresponding density distributions: curve 1 (orresponds to a square

( r,distribution, and curve 2 represents the case with a distribution n=2n0 1--_i-t.

In either case, the mean plasma density (over the cross section of the

column) is no; here _-- =0.1. ka = 1.
(o

We see from Figure 2 that the absorption maximum for a square distri-

bution is much higher than for a distribution which falls off along the radius.

This is so because absorption mainly occurs in the peripheral pIasma,

since the field E_increases in this case as mr. The variation of the

asymmetry of the absorption curve with -_- that has been experimentally

observed in ]4] is apparently attributable to the reduction of plasma density

along the radius.
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V. V. Dolgopo]ov and K. N. Stepanov

A CONTRIBUTION TO THE THEORY OF HIG}t-FREQUENCY

HEATING OF HOT INHOMOGENEOUS PLASMA

Collisionless absorption by a plasma of r-J electromagnetic energy

whose frequency _ is much lower than the ion cyclotron frequency _, has

been investigated in ]1-3]. In ]1/ an expres_don has been derived for

the energy acquired by a particle moving along a constant magnetic

field through a coil of finite length which sets up an alternating electro-

magnetic field. This analysis, however, fail; to consider a great many

effects connected with the collective interacti.m of particles in a plasma

(quasineutrality of the plasma, inhomogeneity, possible excitation of

sound waves).

The absorption of the energy of the electromagnetic field set up by

external azimuthal currents flowing in an infinite homogeneous plasma

has been investigated in /3[, In this case, the plasma absorbs energy

only in those regions where the external currents pass. Elsewhere, the

plasma loses energy. On the whole, however, net absorption is observed.
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In this connection it would be interesting to investigate the absorption

of r-f energy in a plasma, when the currents creating the high-frequency

field flow outside the plasma. Plasma inhomogeneity must be taken into

consideration in this case. In the present paper we consider the collision-

less heating of a plasma column, whose density and temperature are

functions of the radius, by an electromagnetic field set up by azimuthal

electric currents passing outside the plasma.

The density of the external azimuthal currents

/col= ]0_(r- R) cos (kz -- ot).

The electromagnetic field in the plasma cylinder is determined from the

equations

.4_o i" --i_- rot E, (1)rot rotE=_-,, H=

where ] = Ze_.. vfadv; f_ is a small deviation of the distribution function of

particles of the species a from the equilibrium distribution F0_.
The function F_ is obtained from the kinetic equation, which is written

in cylindrical coordinates as

OFo_ v± .- OFo_ e_ E OF°_ --" OF°_-- O, (2)
v__cos(O--_)-_-r +-7-sin(O--_) _- +'£-_ u _, _'.-_" -

eaHo
where (0_ =-- is the gyrofrequency of particles of the species a ; e_ and

mac

m_their charge and mass; E0 the radial electric field set up in the event of

charge separation; (r, % z) cylindrical coordinates in the space (r); (v±, O,v,)

cylindrical coordinates in the velocity space.

Assuming that the magnetic pressure in the plasma is much greater

noTs (in this the radial variationthan the gas-kinetic pressure, _- >> case

of H0 canbe neglected} and that the density and the temperature of the

electron and the ion components of the plasma vary considerably over

distances much greater than the particle Larmor radius, we solve equation

(2) by successive approximations:

v± [0_0 a eaEo

o--_"__- Ta f_] ' (3)Foa(r, O--% v±, vz) = foa ÷ sin(O--_)

where /c_ is independent of O. We choose [o_, in the form

fo_= [_ j _0(r)_

The function f_satisfies the kinetic equation

eeE o O,f_

l (kv,-- _)f_ ÷ v± cos (0 -- _) 0_-+

e a O/a ea ( 1 \ OFoa+_[vH0l_ +_ e+T[vnl)_7- v =0.

Assuming the pinch radius to be of the same order of magnitude as

the wavelength(a_ __) and taking o_, kv_ << oa (va = _--_), we find

(4)
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-- -- we find
iE, t_IE.I_ CIE_[. Omitting terms of the order of/_/' (k%l',

OFoa m a

E -'g4- = -- _ [E,vz cos (O -- _) + E_vj. sin (O -- q0) + E,v.l fo. +

[ my21 sin 2 ] [Ot oa %Eo )+ - _ (o- _)

OFoa %H, -- v± cos (0 -- _) H_ (O/o_ ,_Eo )[vnl _ - o,_ \ o, r. fo_

In virtue of the foregoing inequalities, we can solve equation (4) by

successive approximations:

f. = fL°'+ IL"+ f_' + ....

We apply the zeroth f0_ and the first ff_ approximations only:

O[_ I eQE_Ol_sin (O -- q_l

aSd'
o± cos (0 -- _)'_

vx, sin(O--(p)_- + m_ ov r. [E,v±cos(0--_)+

e a (0[0 a eaEo ) E¢ t,_ l--cos2(O--(_)+E,oAfo.÷ ,..-_ \ _7 T. lea_ m'_ T_ 2 E,r_ _r-

°" }+ m.-_ H, -- r%c'Zcos (0 -- _) H_

The integration constants entering [_are found fr._m the condition of O-

periodicity of f_+_.

For the current density j = j(0_ + jm we have

4n/', = 4a/'; °) = i _, q\_7- ÷ _-) ÷i_ _ ;t:,_ --,_20f ;E,;

4a j, = O;

= _,_/_7 I -_7- + __ )_-_ J

eeo,_,o,[OE . E_) } , [O 6,bleA_eeo,T.E.J_a_r, k-_,- + _- n - _7, 0; r__ ' "°l-

where

[ T ]= i ;/'-_ z_w (z,) + _ z.w (z.) ; '1 = i Va Iz, w (z3 -- z¢w (z,)l.

r, [ r, ] - /4-_"o ""/;=I+T +il/'-a-a z,w(z,)+-_z,w(z,) ; _. =_// 'n2 ;
z

z. = _-_-% ; w (z) = e-" [ ! + V_h_ _
o

Since ], = O, then neglecting the displacement ct rrent we have ], = O,

whence

5)

7)

£" = _7, -; \_7- + , / -- ._%m,
(8)
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For the azimuthal component of the current density we then have

Since in the zero approximation the currents perpendicular to the

magnetic field vanish, the azimuthal component of the zeroth-order electric

field E_ has the same form as in the absence of a plasma:

4_o]oR
£,_ = i _ K_ (kR) & (kr), ( I O)

where In(x) are the modified Bessel functions, K.(x) the Macdonald functions.

Applying (9) and (I0), we find the following expression for the energy
a

x I E"S = _- (I_ _ + ]_E_)rdr absorbed in unit time by unit length of the plasma
0

column:

a

4x%JjgkR_K_
t"drr/, (kr) _ [-Q_v_lo(kr) la], ( 1 l)

S o% 'o

where

i]2 ¸

_ = Irn (2_.-- T) > O. (12)

The graphs of the function (12) are given in /3/. From (11) we see that

energy is absorbed only in those layers of the plasma column where the

density falls off fairly rapidly along the radius:

0 2 ¢

Or [Q_v,pl0 (kr)l < 0

Where the reverse inequality is satisfied, the plasma loses energy and

cools (provided the thermal conductivity is fairly low). Assuming that at

r =a the density of the plasma is zero, and integrating (11) by parts, we
find

a
= ,_ Ii 2 2 p

S 4_ ,%k ,_ K. (_R} _ drrl2o (kr) ' ' (13)
o

We see that there is a net absorption of energy in the plasma.

The mean energy acquired by a single particle has the order of magnitude

0)
eW_"H'oT., karl, a_R, v,_-- K, (14)
at H2

where H- 4_---7-j"is the amplitude of the alternating magnetic field. If_100G,

H0_104 G, ¢0 _3. 107 sec -1 , r,_10 eV, then dW/dt _1 MeV/sec. This estimate

indicates that magnetic pumping may be effectively applied for the heating

of a fairly hot high-density plasma in0 >1014 era-3).

The heating of the plasma can be substantially enhanced /3/ if the phase

velocity of the wave Vph= _ is close to the velocity of sound in a collision-7-

(T, >> T_) plasma, V, = TI/T.less nonisothermal
v '"l
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Applying(9), wecaneasilyderiveanexpressionfor theenergylosses
withcoils of differentsizes. Takingfor thecurrentin thecoil

]col(Z, t) = J (z) 6 (r -- R) cos 0t, (15)

we find for the influx of energy into the plasma

E = 2n t"rdr dz/_E_ = 8nS_R_.... _c_ dk drqx [k I / (k) l K_ (kR) Io(kr) _v,l'. (16)
o --c_

where

1 S J (Z)e-_**dz.j (k) =
--oo

For a single coil with a current density

L

J0 for [zl<-_J (z)= z
0 for [zl > y

we have

sin
1 2

i(k) = _-. --g--"

If kL _ lea _ 1 and o_L _ v_, then in orders of magritude

_, _ SL _ 2ha -_ E_HL 8nno "t
H'o

(17)

H is the amplitude of the azimuthal electric field. This resultwhere Ev _ -_-

is consistent (in orders of magnitude) with the results of ]I]. For plasma

heating by ion cyclotron resonance under identical conditions, we should
H,

have Z _ 2na_ EvHL. Since -_ )_noT_, the heatin[ _of the plasma by ion

cyclotron resonance is more effective than its } eating by Cerenkov resonance

("magnetic pumping").

For a system of N coils in "head-on" couplilg

J(z)=[ Jo 2n<+<2_+ I

t --Jo 2n+l <L<2n+2,

wheren=0, 1,2 ..... N-I and L is the length of the coil. In this case

[1(k)1_= s° '
=,_, cos,(_-)sin, k,.N.

IfN >>1, ]j(k)Lhas a sharp maximum at k=-_:

1i(,)I,= - (18)
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Substituting (18) in (16), we find

a

32¢aJ_R'N S/_R_ _ -sl n "_2 2

z = _K, t-cJ_"a"'° I-c rj,,:,.._,. (19)

Since a many-coil system creates an almost "monochromatic" distribution

of currents in a plasma, we see that absorption sharply increases under

conditions of acoustic resonance (--_-g,_, T,>)TO.
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V. V. Dolgopolov and K. N. Stepanov

ABSORPTION OF ELECTROMAGNETIC ENERGY BY

AN INtIOMOGENEOUS PLASMA IN MULTIPLE ION

GYRORESONANCE

The absorption of electromagnetic energy of frequency _, which is a

e_4 (H0 being the externalmultiple of the cyclotron frequency of the ions, co_=

magnetic field), can be applied for effective heating of a dense plasma.

In /1/ we investigated the absorption of electromagnetic waves of frequency

_n_,(n=2,3 .... ) in a homogeneous plasma column. The results of /1/,

however, apply only for k±a >> 1 (k_t is the radial wave number, a the radius

of the plasma column), when the effects connected with the presence of

the transition layer, where the plasma density fails off to zero, are

negligible.

In the present paper we consider the absorption of electromagnetic waves

of frequency _ = 2_, in an inhomogeneous plasma cylinder (the temperature

T, of the ions and T_ of the electrons, as well as the equilibrium density

no are all functions of the radius). We derive expressions for the power

absorbed by the plasma in the case of forced oscillations and for the damping

ratio of free oscillations propagating along the plasma column.

Let us consider the oscillations of a plasma column stimulated by

azimuthal electric currents of density ]col= ]0 cos (kz -- _t) 6 (r -- R)which flow

through the coil accomodating the plasma cylinder. To find the current

density in the plasma, we must solve the kinetic equation for a small

deviation of the distribution function [ from the equilibrium distribution Fo:

O! v lsin(0-_) O/ eEu O/

i (kv, -- _) [ + v± cos (0 -- _v) 7;- + • 0_ _- m_ 0_

-_ 7 [vH]) _- = O, (i)
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where

F0=fo+ V'l" sin (O -- 'T) [Ojo e,![o)°i _ & ;

/ % \'/' exp (-- m_va ;to= m)

E and H are the electric and the magnetic fields of the wave: E0is the

constant radial electric field generated when the charges are separated in

equilibrium; r = (r, % z) and v = (v±, 0, v,).

It is assumed that the gas-kinetic pressure is much less than the mag-

netic pressure and that the mean Larmor radius of the ions is much less

than the radius of the plasma column, a, and the wavelength of the plasma

oscillations. In this case, equation (1) can be ._olved by successive approxi-

mations:

f =/°,+ p_,+ .... (2)

Neglecting the field E,, we obtain for the current density

j = i_o,+ jm.

Here

where

= -- _ (E, + 2iE,_);

I_'= - _ le,- 2,e,):

8V_,4 7, o,-

i_, = _ , , o I r._2,v,e-. _ _____ E.--iE. I ]81f_o_ " W'_- i 7 j '

(3)

?:"' 7" <o-_<,,. =1 "_,=t--_-, ) ; ,,=_, ,,,

pie) E_)Setting E_p _ + and applying (3), we oktain from Maxwell's equations

O_E_°' , OE_' [ i +,i--31_ IE_,=0; (4)o,' l-T" _-- l+_ "TT_

O'Er' 1 OE_' 11 + 1 _1--3_, Eo, _.(x), (5)
Oxl + "T " ox [ _ + _'T-T_ t _ -

where

I , (i _-°' '1• -,,- =_:)j]/--_/¢_lc,(1_{__) _"i" _ 1 "

Let E_ I = Aq_(x)for x < kR, where @(x)is the solution of equation (4)

satisfying the condition _p(0) = 0. Clearly, for /_ < x < kR,

= all (x) + ilK1 (x);
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for x > kR

Then

Applying the conditions

e$ _= BK1(x).

H(Ol = mc BK "x"L- o{ ) (x > kR).

E_°} (R -- O) -- E_) (R + 0) = 0;
4_ .

H_)(R --0) -- H_°'(R+ o) = 7-1o,

we have

A = 4m_/_RKI@R) .
_iC2

From (5), for ka < x < kR,

4m(oioR
B = _ [al, (kR) + _K_ (kR)l.

where

EI,}_ D Kl(x); H_ '_ ikcO K=---_- o(x),

ha

D = t _ (x) Z (x) xdx.
o
o

The energy absorbed in unit time by unit length of the plasma column is

ka

S=
k_'." Jx'Qb'e-'l-_l,i--4_T)Jdx' (6)

0

I
If a--R_ _, %._ I, and Iz_l<l, theng(x)--i for x < ka, and in orders of

magnitude

s _ 2_ _ "g_ 18=_oT'Iv'
4_ k H_o/'

where H 4n/o and _= 4n/ocoa
= "7- _ are the amplitudes of the fields outside the

plasma. In this case, the average energy acquired by a single plasma

particle [_ s-_ is

dW / H2 \'/,
(7)

When the plasma is heated by low-frequency modes (co _4 o_) under conditions

ofaerenkovresonance(÷-o,),

For equal amplitudes of the high-frequency field H", the ratio of the energy

acquired by a particle in Cerenkov resonance to the energy acquired
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in multiple cyclotron resonance is

dW

This ratio is much less than unity, simce tog ((ol and 8nnoTl << H0s.

The resonance to = _, is the most effective in heating a low-density

plasma. In this case,

dW _ H =

,_ / _,_'_,,.
Equation (9) has been derived assuming ka _ k6, _ I, where ,_--_l_) is

the penetration depth of the field into the plasma for to = to,.

Let us now consider the damping of free oscillations of frequency to = 2to,

propagating along an inhomogeneous plasma cylinder. Solving equations

(4) and (5) by the perturbation technique, like in /_/, we obtain the following

expression for the damping ratio (the imaginary p_rt of the wave vector):

#a

(lO)

where _(x) is the solution of equation (4) satisfyin_ the conditions _(0) = _(o_)=

= 0 and (_xAx = 1; k is the real part of the wave ve-Aor.
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K. N. Stepanov

PROPAGATION OF ION CYCLOTRON WAVES IN k

PLASMA IN THE PRESENCE OF A WEAKLY INHOMOGENEOUS

MAGNETIC FIELD

The application of ion cyclotron resonance for :he heating of dense

plasma involves certain difficulties. A highly darlped ("ordinary") wave

penetrates into the plasma in conditions of ion cyclotron resonance to a

depth of the order of

_, = --Q_,) , (l)
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eHo
where f_, = [4_'n I'/'is the ion plasma frequency, o, = -- the ion cyclotron

\ mt / mic

frequency; e and ml are the ion charge and mass; n the number density;

= {Tt/'h
vt _ mr ] thermal velocity, T_ being the temperature of the ion gas; H0 is

the external magnetic field. In dense plasmas, whose confinement and

magnetohydrodynamic stability require high magnetic fields /'/0, the frequen-

cies f_ and o, are both large, and the penetration depth 81 of the field may

prove to be substantially less than the radius of the plasma cylinder. In

this case the energy of the high-frequency field is absorbed only by ions

occupying the outermost skin of the plasma cylinder having a thickness of

the order of 6r.

An electromagnetic wave of frequency o _ ¢0,is generally excited in a

plasma by a system of coils which are paired in counterphase and which

carry azimuthal alternating current /1/, or by some analogous periodic

oscillatory system, e.g., an artificial LC-line /2/. The amplitude of the

wave in the plasma will be large if the space period of the excitation system.

t, is close to the wavelength of the free plasma oscillations, i.e., l _ 2n6,.

However, the field of short coils rapidly falls off along the radius, and if

the plasma is not too close to the coil, both the field in the plasma and the

absorbed power are low. If l )7 2:_5_, the excited wave easily penetrates into

the plasma, but the absorption is weak /3/.

These difficulties are avoided in the method proposed by Stix ]4/ for the

cyclotron resonance heating of plasmas by means of the so-called

magnetic beach geometry. Consider a plasma propagating an electro-

magnetic wave of frequency _ < or in the direction of a slowly decreasing

magnetic field (this is what we call an ion cyclotron wave). If o, -- o >> kv_,

the damping of the wave is exponentially small* and the wave vector k is

determined from the dispersion equation

_' / _ (2)k=-- d- mr_ _ •

Electromagnetic waves with a propagation constant (2) readily penetrate

into the plasma and are easily excited by the coil. As the wave propagates

along the plasma cylinder, the difference _,--_ and, therefore, the wave-

length X= 1/k decrease, while the cyclotron damping increases. The wave

is entirely absorbed in the magnetic beach (o_, -- ¢o _ kv3, provided the

transition from the excitation region to the region of high absorption is

fairly smooth. **

In the present paper we investigate the propagation of an ion cyclotron

wave in the transition region allowing for the space dispersion of the plasma

due to the thermal motion of the ions, and, in particular, for the cyclotron

wave absorption by the ions. t

( H:)* This applies only for low-density plasmas not l (< _- , to which the present discussion is limited.

** The excitation of ion cyclotron waves and their absorption in the magnetic beach have been studied
experimentally in /56/.

t The propagation of electromagnetic waves m a plasma with a slowly varying magnetic field and a

density such that the refractLve index in the resonance region has a singularity of the form I_Ores- _oi-'/'

has been studied in /7--10/ for cases when the space dispersion of the plasma can be neglected.
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The integral equation

Let us consider the propagation of an electromagnetic field of frequency

_,, = co, along a plasma cylinder of density n0, confined in an ideally conducting

enclosure which closely adjoins the plasma; the p asma is immersed in a

longitudinal magnetic field H0 (r, z) which slowly falls off as z increases. The

electric field E(r, zlof tile wave is determined fron the equation

4._i_. (3)
rot rot E = _- 1.

The electric current density j can be found, following Shafranov ]11/,

by integrating the kinetic equation for small deviations of the ion distribution

function [ (r, v, t) from the equilibrium (Maxwellian) distribution f0 by the

method of characteristics. In the kinetic equation

al eL_ Eaf<, a!a+ lv"01 =0 (4)

we change over from the variables (r. v. #) to the L.Lgrange variables (ro. v0. t),

dr
where r = rtro. vo, t) and v = -_ are the solutions of t;,e equations of motion

dz, e[dr Ho (r)i (5)dt_ = rni--_ "_-,

with the initial conditions r = r0 and v - v0 for t = 0. Equation (4) then takes

the form /11/

or0
0!(r0, v0, t} e E(r (r0, v0, t),t)ovO, ' Vo, O"Ot m_

If the field E (r, t) is turned on when t =-- _, we h_ ve

_(ro, Vo, t)= --_ E(r(ro, vo, t'),t')_v _ dr' (6)

E (r, t)and _ in the integrand in equation (6) are taken at the point

(r, v) occupied by a particle which has moved acco_'ding to the equation of

motion (5) for a time t' starting from the point fro, v0). A particle will also

reach this point if it moves for a time t-- t' starti]g from the point (r, v) and

retracing the trajectory in the opposite direction in a reversed magnetic

field --H0. Hence,

i Ofo (7)e E(Q(/--t', r, -- v,), t') Ou(t _t,,r,_v_dt',f(r, v, t)= m-T

where _(t) and u = _ are the solutions of the equati3ns

dr2 m_c[ Of '

with the initial conditionsQ =randu =--v at t =ll.

Applying equation (7), we obtain the current density

t

e_ O/os,(,.,>= I
--¢o
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Hence, seeing that |, E _ e-_t and u = v,

j/(r, (o) = --e21 dtSdvvlE,_(t,r,--v,))ei_luk(t, r, -- v)_.

o

(9)

Let us now solve equations (8) for Q =(_, q. _). If the magnetic field on

the axis H (z) = Ho(r. z),=o does not vary much over a distancez _ a, where a

is the radius of the plasma cylinder, equations (8) for the motion of a

particle near the axis can be derived from the Lagrangian

Applying (i0), we find

t?liC _mi£

eli eli"
- aT,__- _7 (_ : 0; (12)

ell'(_:q ,nl ( 13)

Setting u = _ + l_, we write equations (11) and (12) in the form

' i - eH

u -- ia),u -- _- (o,u = 0; _,), = ._,-'_,z-

t

Hencefor = (IS), uexp --_- mgt ,

to

w 4- q- (,_,w = O. (14)

We assume that the magnetic field H does not vary much over the distance

corresponding to the axial displacement of the guiding center in the time

it takes the particle to complete one Larmor revolution, i.e.,

!,,,, i ! S ,m

,I C n a7 <<1,

01where r, _ -- is of the order of magnitude of the ion Larmor radius.

(14) then may be solved in the WKB approximation:

Equation

t r

/ '_(171- w- " + Be--g_,], *=,tin,dr (15)1, ..... [Ae 2 _ _ '
!

to

ttence, applying the initial conditions, we have

,,- = % ],o,_>[ + 77_( l-cos_)-g]_isin¢ ;

llCt, r,-- v)= ]/_-%![!ly-- "' '" " ]

(16)
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Expressions (16) for _ and '1 may also be written using polar coordinates

in the velocity space, v = (v.L, % v,):

I/_ _[ v±_,(z_.._7__.__,_iz___sin_ % _i, (¢ + _)"_=V %(;) x+ ;

(,7)
'l=V L_,_ Y-- t-0_ (z} ,%(z)

From (17) follows the conservation of the adiabatic invariant

P+n' v__ const. (18)
H 1_) H (z)

-*2

Applying (18) and the conservation-of-energy equation Q = v _, we find

TVv,-  Mt: . (19)

t=:F l / (20)o' -- v__ H(z)
z

Equation (20) gives an implicit relation between _ and t and the initial

values z, vtt, v±.

Applying (20), we may write the phase _ in the form

= q= ? _' _;) a; ( 2 i)

J l/ H(O

z

The current density j can be found from expressions (17) and (20) for _.

waveiength at right angles to H0In a low-density plasma noT_<< an ]'
the

is much greater than the Larmor radius of ther-nal ions, so that we may

neglect the space dispersion in this direction, setting in (9)

E(o(l,r,--v))=E(r,_(t,z,--v)); fo(,,]v)=lo(r,v).

Since in the region of low frequencies o) _--mt we may take E, ----0, it

follows from equation (9)

Here

_Cz)

i. = "_(E, + iF.o); io = "_(Eo - ,E,)

2,a ],'_q at v_dv__ cl_, f (0 x

r

3rltot--i ! oJi(_(tl)d

i/'-ff_-fO e _,
x_

(22)

(23)

where ;(t} =;(t. z, u,, vOis defined by (20).

42



Maxwell's equations have the form

O_E 4aito

Oz"- -7 a (E, + iEo);

0 -e a 2+ t,ar±a,,eo 10,J= __ 4ai(o7 "_(Eo--iE,).

The magnetic field of the wave is found from the equation

H = -- i c rot E
(o

(24)

(25)

The set of integro-differential equations (23)-(25) defines the behavior

of an ion cyclotron wave propagating along a plasma cylinder immersed in

a weakly inhomogeneous magnetic field( <<

If the density and the temperature of the ions are independent of •

(homogeneous plasma), E, andE0 are proportional to Bessel's function

I,(k±r), where k± -- -u-''a, being the zero of the function I,. Equation (25)

then takes the form

O_Eo 2 4t_t(o _._

-_W -- k ± Eo = -- _- o (tco -- iE,). (26)

Equations (23)-(25) should be considered in conjunction with the boundary

condition E_=E°o(ei% _ + ae-ik lr") for z -+ -- oo, and E0-+ 0, E, -+ 0 for z -+ _, where

k i is the propagation constant in the case of no space dispersion (we neglect

the effects of space dispersion of the plasma to the left from the transition

region, in particular, the exponentially small cyclotron damping).

The geometrical-optics approximation

Let us first consider "longitudinal" propagation, when k± _< k,(z ),

_being length along z axis over which the field Ea characteristic the

changes. Neglecting the second term in the left-hand side: .-_ equation (25),

we find E, = leo, where Eo is given by

Setting

we write (27) in the form

dk
k2 -- i _F

where

O'E°-- = -- --_=i_ o Eo. (27)
Oz 2 c s

;t

I_ kiz'}d:t"

Eo = Ae z.

(2m,/,ck.__ dt o_dv± do ,iy _ e ,

t r

0 z

(28)
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If His independent of z, then_ =z--t, i1t. In his case, equation(28)

yields a dispersion equation for longitudinal pr( pagation:::

0_'_

k _ = _- s (_, _),

where

8(_,k)=iV7

o

I 2kv l

For Jx I _) l, equation (29) reduces to dispersion equation (2). IfJxl_ I,

then from (29) k6, _ [ in orders of magnitude.

For a weakly inhomogeneous field H (z), we have from (20)

Hence

t=-_ ;-z+

(29)

(30)

(31)

• v_H'

The expansion (31) applies if _.,-5-ff(_- z)<._I. Since in the integral (28)

l
v± _ v,_ _ ve and}_--z]_k=_- are real, (31) holds true if

L dH

i.e., the variation of the magnetic field over a distance of the order of

magnitude of the wavelength is small in compa:'ison with the magnetic field.

Condition (32) is met if the geometrical-optics approximation applies, i.e.,

if ak [-_- << [; in conjunction with equation (2), for m. -- _ _ kv,, this condition

takes the form

6 t [ dH /8nnDr_ ,'/,

dz <<[_) << " (33)

Applying (32) and (33), we have

l/ .'H(O _-- I _-tgt;_-_-

( i,_N' ,k,v_,t,.F _ , )e_¢' _ _*. 1 -- _ t2 + _ -_- co,.v, t_ ,

where

Oo = I_o -- ¢o_(z) -- k (z) v tLI t.

Equation (28) then takes the form

*T[nseqaat_on wasorigmally derived by Gershman /14/.

(34)



whe re c,_-- %
w = w (x); x =

l' 2k rl (z) v I

Sincekv, <<,o)_, the last two terms in braces in equation (34) are small in

comparison with the first and the third terms {this implies that the w/rintion

of the longitudinal velocity of a particle moving in an inhomogeneous

magnetic field is negligible, so that we may setS= z--:if). Omitting these

' ' ' we haveterms and taking k = kil = ik_, where[k_/< ikr =_,

=_'(_,. # );

2 7_ " _

t,_ - '2 I _,_ d_i,,,, k,_f • (35)
kl,-- --

2 " _i- " dk I,

tIence

i,/ k(zo) 3 + d,!, ,,,E,_ tzl = E','_ 13 -'- .t ,'i.,! _ (*21 e ,# re) , ,Ix j

(36)

o--%(z,,) lCov[xl>>l, formula (36) gives the convc_,tional result
whore xo = "_72k ;l(:u) t't .

of geometrical optics.

Substituting the variable 11 = kl,6,, we writo the dispovsiot_ ('quali_m (30) as

where

' /( .x t"

Setting '1 =_1' +iff'and seeing that for k >i 1 the damping is comparatively

small (h"._9,1,1'), we find

where

x

_,(.) = 'me--_ *' [ e'dt.
t x J

o

10 'f'ta} {curve II)The figure plots the functions g = q' (A) (curve I), g= _l_i

and _j -- 10TI"(±) (curve III). We see from the figure that the damping _1"

rapidly falls off with increasing h : already for h = 2 _-n" = 0.033, and for

A=2.5 _-_1_" =0.0045. For _ = 1, the damping is considerable: q'_l"-- 0"14"

If _=0, then '1' I,,i; _1" = g. Note, however, that since in this approx-

imation the transition region, in accordance with condition (33), should
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accommodatealargenumberof waves,thewavesareactuallydampedin the
regionA> I, so that there is no need to consider :he zone of high damping

(A-_ 1, q"_ q').

Y

i.$

r.0

ff

0

Let us consider the case of "oblique" propagat on (k±=_O). First note

that in the geometrical-optics approximation, wh_ n inequality (33) is

satisfied, the variation of the longitudinal velocit, of a particle moving

along the z axis may be neglected. Equation (23) :hen takes the form

_f(z) = _ dl dvl, e f(_), (38)
--oo

where _ =z-- v,,t. In a homogeneous plasma, the solution of equations

(24)-(26) may be written in the form

Er. _ = At. _e _llz.

Then, from (24) and (26) we have

( ,o, ) ,o,--k_t + y_-s(0_, k,i ) A,+ _i-e(0_, _q A_=0;
g

( '°' )io' _ (c0, _ 1,1A, + -- k_l -- k_ + -£ -5- e 1o k it) A_ = O.

Setting the determinant of this system equal to zero, we obtain a dispersion

equation for the ion cyclotron waves in the case 07 "oblique" propagation

/12,13/:
_2 l 0 2

k_--(,(o, k,,)-Ti-- k_.)k_- _-E_ e(_, _i;)k_. =0. (39)
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O} -- O_t

If]x,t=l_ >>l, then from (39)

where

_p

For a weakly inhomogeneous magnetic field, we seek a solution of

(24)-(26) in the form

if k,l,i(z'l_z +

E,._ = Ar. olzle " (4o)

where k,(z) is the wave vector determined from the dispersion equation

(39), where _ = a_ (z); A,._ (z) is the slowly varying amplitude. Neglecting

A_.a in comparison with k'A,.o in equations (24) and (26) and applying
inequalities (33), we find

{Oz

k_ A, -- ik _lAr -- 2ik, A, = _ {e (o_. _ _) (A, "4-iA_) --

f lde(e°'/_R)'g -- de((° kll) "+ +iA_)};

_z

(k"z,-b k_) Ao-- ik'tlA_ -- 2ik , Ao = -_- {e (m, k II) (A_ -- iA,) --

__l [de(o), /zll) _' de(m, _1,) --
_\ _,,, /(,_+-,A,)-, _---_-/t,%-,4;)}.

Setting

_-_ -- -_ A_ + 8A,,

where 16A, I<<IA, I, we have from (42)

2CSk' 4Clklt--, C_ _ d8 ,

_A,= _ A++ -_- A+--_-0-,,(_,,) (k_,+ +__)A++
2c+ de _ .-_ _ 2c' de ,,.e

+ o-_,-_E-(le t_l +ke_L)- 2ek,lklll_--_-'O_'_'_t,_, + k_)A'e.

Substituting this expression for A, in (4 1), we find

A0 q,
A O 2qs '

_ e(b), kli ) dk, kil

where

(41)

(42)
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Hence, finally
2 Z

e--- _-l ! ql(z'l dz_ _ klqlz" lz"
E_=E_ 'q_" e" ; (43)

E, = iE0 I (44)

For kl=O, formula (43) goes into formula (36).

Expressions (39),(43), (44) enable us to find the wavelength, the damping

coefficient, and the phase and the amplitude of the fields as a function of

z in the case of "oblique" propagation.
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I. A. Akhiezer and Yu. L. Bolotin

A CONTRIBUTION TO THE TItEORY OF INTERACTION

OF PARTICLES ANI) WAVES WITIt A NONEQUII,IBRIUM

P LA SM A

Anomalously large, so-called critical, fluctuations are possible in a

nonequilibrium plasma which is close to instability /1,2/ (see also the

review in /5/}. The onset of critical fluctuations is reflected in the

anomalously high cross sections for the scattering of light in these plasmas

/1/, and also in the anomalously high coefficients of scattering of longitudinal

waves and in their conversion into transverse modes /3/.

In the present paper we investigate the interaction of charged particles

with nonequilibrium plasmas. If a plasma in close to instability, the

cross section for the scattering of particles by the collective plasma oscilla-

tions and the loss of particle energy via Cerenkov radiation may be

anomalously high.* We also investigate the conversion of the transverse

electromagnetic waves into longitudinal waves in interactions with critical

fluctuations. The problem is also considered of the angular distribution

of the scattered radiation in the interaction of plasma oscillations with

critical fluctuations, and it is shown that under certain conditions tlne

scattered intensity may be exceptionally high.

Scattering of particles in a plasma in the presence of

ordered electron motion

Let us first consider the scattering of charged particles in a non-equilibrium

plasma. The probability that a particle passes from a state with momentum

p to a state with momentum p' is related with charge density fluctuations by

the well-known expression

14_xez '2 clp'

where <O_> is the correlation function of charge density; hq--p'--p and

h_u (P"- _:) are the variations in the momentum and the energy of the
%

particles; ez the charge; /_ the mass of the particle. If the plasma consists

of hot electrons moving relative to cold ions, then in the frequency range

TI %
<,q( ,, ) , the charge -density correlator [1/

I [ Tq _ _. (q_)_<0>_ = 7 _-t _ _("_q's_)' (2)

where T, T_ are the temperatures, and m, M the masses of the electrons

and the ions, respectively; ,is the mean streaming velocity of the electrons;

,£) 4m"2n v. , T dl,
=(--m-t is the plasma frequency; _= [-_) the velocity ofnonisothermal

sound.

* The interaction of particles with a plasma where a nonequilibrium wave distribution has been created by

an external source is investigated by Tsytovich /6/.
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Substituting (2) in(l), we find the cross sectio:l for the scattering of a

particle by the nonisothermal sound oscillations, oer one plasma electron:

(2,'tezT i= s }/-(A_b i
do =\"-_/ h,'nuLv,_p--(p'--p)u X

X {_)(yAp -- s ]/(Ap)2 + p=0'-')+ 6 (uAp + s I/ (Ap)_-_ p=0_)} dp'._2_),' (3)

where 3p = p'-- p and 0 is the scattering angle (the angle between the vectors

p' and p). Formula (3) applies when the scattering angle and the exchanged

energy are fairly small, Ap a <( h, pa_ i< h (a being the Debye length in the

plasma): it is only under these conditions that the sound oscillations are

weakly damped.

Integrating in (3) with respect to the magnitude of the vector p', we

obtain the cross section for the particles scattere,i in a unit solid angle:

do ( ezT _ _ (0' -- O) _ -4- _p2sin O

= _-_/ _io' , (4)
- e), i i - -_ _i..e) -- ¢ ,i._e

where O, O'are the angles between the vectors p, p and the direction u;

tp is the angle between the planes (p, u) and (p', u); O' = O and _ <<. I (to avoid

ambiguity, we take u >> s). It is easily seen that if --_ 1 and the particle

de

moves almost at right angles to the direction u, % may be anomalously large.

do

The quantity -_ may become infinite only in the linear theory, where

formula (2) for charge density fluctuations actuall:" belongs. In reality,

however, nonlinear effects result in a saturation cf the critical fluctuations,

and the scattering cross section remains finite. Nonlinear effects also

impose rigid restrictions on the anomalous growth of the Cerenkov radiation

intensity, the energy losses, the scattering coefficients, andwave conversion.

In the present paper we operate within the framework of the linear theory,

and the calculation of these growth restrictions is beyond the scope of our

study.

Applying relations (1) and (2), we can find the energy expended by a

particle in unit time in the excitation of sound oscillations:

+ +2_ / [ dq
dQ=_t_) q_+qu -- _ _;-_;_/1_- _. (5)

The first term in this expression describes forced emission, and the second--
absorption of oscillations by a particle. (Since we are dealing with plasmas

close to instability, when the sound modes are par :icularly abundant, we

obviously need not introduce in (5) the additional term representing spon-

taneous emission, as it does not depend on the density of the modes. )

Integratin_ in (5) with respect to the angular variables, we find the
intensity of Cerenkov radiation in a frequency inte "val specified. In the

simplest case, with -II v,

dQ lezT_ i2 ou
d-_= _-_-,,I m.(_- .), • (6)

This formula applies if u _<s. In this case, the sound oscillations are

stable yet, and the correlator may be taken in the form (2); furthermore,
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in deriving the formula we have assumed v--s _,_ _.

Integrating (6) with respect to frequency, we find the energy expended

by a particle in the excitation of sound modes:

Q=[ ezT_' , (7)

where a is a quantity of the order of several Debye lengths. If the velocity

of a particle v, the velocity of sound s, and the streaming velocity of the

electrons u are all close to one another, Q is very large, possibly greater

than the energy lost by particles in binary collisions.

In general, when the angle On between the direction in which the particle
moves and the direction of - is other than zero, anomalously large intensity

of _erenkov radiation is observed for vcos O0-_ u = s. Then

aq _ lezr,o "? _o_ (8)
___Z¢ / m_.CacosOo-- u)_

Hence the energy lost by a particle in the excitation of sound oscillations is

For IvcosOo--u)_<Tuv-- _ , Q>Oo, where Q0 =-y-is a characteristic energy

loss in binary collisions (neglecting the Coulomb logarithm).

Note that formulas (6)-(9), as well as (15)-(17) do not apply for very

small values of vu- u s, when the critical fluctuations, responsible for

the loss of energy by the particles, become so large that they must be

described in terms of a nonlinear theory.

In conclusion of this section, we give an expression for the angular

distribution of _erenkov radiation:

,_Q __2._/_zr _'/ ' __ , (10)

where 0 the angle between the vectors q and u; X the angle between q and v.
$

Formula (lO) applies when IcosOl < _ since in this ease the sound modes

being considered do not grow. It is easily seen that if I cosO1--_s the

coefficient of one of the 6- functions in (10) increases indefinitely.

Interaction of a particle with a plasma in the presence
of a beam

Let us now consider the scattering of charged particles in a plasma

carrying a compensated beam of charged particles. The beam velocity u

is assumed to be greater than the thermal velocity of the plasma electrons;

the beam temperature T, is taken as moderately high, so that the plasma

oscillations are mainly damped while interacting with the electrons of the
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beam. Under these conditions, the charge densit Z, correlator in the high-

frequency region (m f_q I ,_7)has the form /2/

<02>¢ ` I T,¢_}_ 6(t0___2). (Ii)
2 I ,,) -- qu I

The presence of a hot beam invariably leads to a growth of fairly short-

wave plasma oscillations, having '_qu i> LL Neglecting the nonlinear effects

of interaction between fluctuations, we may apply formula (I I) in the

region of wave vectors where plasma oscillations do not grow yet.

Substituting (II) in (I), we find the cross section for the scattering

of a fast particle (v _> VT)by plasma oscillations per one plasma electron:

2_h_n (ApF+ p=O_ I h(.._--tp'--p)u h_,Z_p} u dp' (12)

For this formula to apply, Apand 0 must be subject to the same restrictions

as in formula (3).

Integrating in (12) with respect to the magnitude of the vector p', we

find the cross section for the scattering of particles in unit solid angle:

d_T . ,'z '3 T, { u pu ' cos 0)-i7i,7 =thF¢(,] _ l--TcosO'--_(cosO +

"" }+ I --_cos,_' + _ff (cos O' -- cos O) -' (13)

(to avoid ambiguity, we take 0 >> h___Q_It is easily seen that for a given t9
pv I J

da
close to (9, _-becomes anomalously large.

Applying (t) and (ll), we can find the energy mpended by a particle in

unit time in the excitation of plasma oscillations:

l_' '!_-' 6(qv-_._+ h_ /,,:,_ , (qv+_4- _, / 2_1 dq (14)
dQ := I--a-. T, --_t qu (.}- qt _¥

This formula correctly allows for the interaction ,ff a particle with non-

growing oscillations, i.e., modes whose wave vectors satisfy the inequality

!qu I <(._.

Integrating (14) with respect to angular variabl,_s, we obtain the intensity

of Cerenkov radiation in a given range of wave nui]bers q. In the simplest

case of u it v,

dQ (ezl 2 "['lqu
(s? = _;(_,-_ _)v ( 15 )

(in deriving this formula, we have assumed u--t,_ hu(_t2a2)-").

Integrating (15) with respect to q, we find the e:mrgylost by a particle

in the excitation of plasma oscillations:

21J,Iv --u)2 "

52



If the velocity of a particle :' is close to the velocity of the beam u, Q is

very large, possibly higher than energylosses in binary co]listens, as v:ell

as the losses in tile excitation of plasma oscillations in tile absence of a

beam. For this to apply, the inequality (u--u) _ _u' ," i=_:_j must be satisfied.
l) - -

If the angle @0 between u and v is not zero and q_ _-, we have

,jO .... (,'e)_ T,q,, (17)
dq _t (cr cos ('_._ It) 'a "

The expre:_sion for tile energy Q lost by a particle in the excitation of

plasma oscillations in this case (9,, _I, unlike formulas (9) and (16), contains

no "anomalous" denominator (uv-- u_) _. The energy losses Qin this case

are proportional to the logarithm of a large parameter characterizing the

amplitude "cutoff" of the critical fluctuations due to nonlinear effects, and

they are therefore large.

The difference in the structure of the expressions for energy losses

with e}:,_ l and _-),,<<I is attributable to the intense interaction of the particles

with o;cillations whose wave vectors satisfy the relation qv = tl, while the

amplitudes of the waves having q--_-Qare anomalously large. Therefore,

it is only with u _ u and_a)0<< I that all the waves with which the particle

interacts have anomalously large amplitudes, regardless of their actual

wave vectors.

In conclusion, we give an expression for the angular distribution of the

plasma oscillations emitted by a particle:

dQ {ezt_ Q T, 1 ( 18 )

where O is the angle between qandu; Zthe angle between qand v. Formula

(18) applies when {vcosX--ucos@ cosX> 0, since in this case plasma oscilla-

tions do not gro,v. _t is easily seen that ,vith]cos'*--@COS(Z'i< _ l, e?-is_,,,

anomalously large.

Conversion of a transverse wave into a longitudinal wave

in a plasma with net electron drift

Let us consider the transformation of a transverse wave into a longitud-

inal one by fluctuations in a nonequilibrium plasma. The coefficient of

(where _ is the change of energy of the secondary wave
conversion U= vE]

in unit time, E 0the amplitude of the incident wave, Vthe volume of the

system) is related with the charge density corre]ator by the expression

(see, e.g., /4/)

U = _ dU;

_,.,_, d_' (19)dU = _ <Q2>e,a_sin=O (2_)_ '

where Ac0 = t0' --(0( I Aml _ qs); q = k--k'; _0, k and 0)', k' are the frequencies and

the wave vectors of the incident and the secondary waves; @the angle
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betweenthevectorskandk'. Substituting(2), x_e find

a_'
dU net4mI A¢o -- quI(qs)_ sin 2 @6 (he2- q% z) (2n) s . (20)

Seeing that the dispersion relation for oscill:.tions in a plasma with

drifting electrons is e' = .Q + k'u and setting k' >> _, we write expression (20)

as

.'te'k's . sin'O [[_ (k'tl "' c"k_ )
db' 4m ku -- 2_-c*k_!l -- g s---_(.7- + kseosO +

cTM )} a_'_5 k'u+k's--_+kscosO (21)(2.x)* "

Integrating this expression with respect to the magnitude of the vector

k', we find the conversion ratio per unit solid av, gle:

c_k? i-i
aUdo ,,_-_ sin__32.a..m ku -- -_Q- {g IO. (9', ,_) -t _ (0, a -- 0', q_)}, (22)

where 0 (e)') is the angle between k Ik') and u; _ the angle between the planes

Ik, u) and (k'. u};

1

dU
(we take sin O' :, 1. since otherwise To will not be anomalously large). It

is easily seen that for cos (-_ -* c_ the coefficier ts in (21) and (22) increase2f2_l"

indefinitely.

Singularities in the angular distribution of the

scattered radiation

The coefficient of scattering of plasma oscillations by sound waves in

a plasma with drifting electrons has the form (tire attenuation of sound is

neglected) /3/

dU n"_c°s_O(q_)_ 5(he: 2o, a_" (23)
3tuna' i k" -- k' I - q s-I ¢--_), ,

3
where he = qu +-_ fla-" (k'= -- k2). Integrating (23) with respect to the magnitude

of the vector k', we find the angular distribution of the scattered plasma

oscillations. We are interested in the scatterin_ of radiation at the angles

O'-=n--O. _\_ I (_ is the angle between the planes (k',u) and(k.u)), when

the effects related with the drift of the electrons are particularly pronounced.

In this case, with u _s,
dU e2k_ cos '_20

do 32a'ms I l,l, cos O I ' ( 2 4)

where

I,Io,e', =-o-o,,
" " o/ (o. .*,(O, _)= 1 ---7 (1 -- -T tg' 2) (25)
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Besides the singularity at /2 -- 0, due to critical fluctuations, expression

(24) has yet another singularity at /,--0. The latter is attributable to us

having neglected the damping of the sound waves.

To introduce the attenuation of sound, the b- function in (23) must be

replaced with the expression

'¢ {[(Ao_ -- qsF ÷ y2l-Iff- l(h_' ÷ qs)=4" y2l-]},
2._qs

where3, is the decrement of damping,

,,; _--glA_o-- qu), g = 7 (2 6)

This substitution gives an expression for the scattering coefficient which

should replace formula (24) for f1- 0:

dU e2k _ cos 2 2@

-_o 32_msl/_lf21,/,sine . (27)

This expression is proportional to the large quantityg-",, and also

carries a factor'/_l -'/'. Near the angles meeting the condition f_= 0, the

scattering coefficient @ approaches infinity as f2 _0 much more rapidly

than with h _= 0.

Interacting with fluctuations, the plasma wave is not onIy scattered

(i. e., converted into a plasma wave with a different wave vector), but

aIso transformed into a transverse wave. The coefficient of conversion

of longitudinal plasma waves changing over into transverse waves in a

plasma with drifting electrons (neglecting the attenuation of sound) is /3/

ne 2 (qs)= sin 2 _, dk' ( 2 8)
du _x,T:--i;_ 8(A"f--q_sh _'

where a_ =--fiG--- K.. Integrating this expression with respect to the magnitude

of the vector k', we find the angular distribution of the transverse waves

generated by this process.

Without giving the general expression for aU_-o' we only observe that

besides the singularity arising when IA_-qui vanishes (this is due to

critical fluctuations), au is also infinite when o (A,,2_ q_s2) = O, i.e.

(assuming k' << k). The second singularity arose since we neglected the

damping of sound waves.

Introducing the attenuation of sound near the scattering angles defined

by condition (29), we find
dU eK_k sin _ O'

ao _2.).,.o _ _ose' (30)

(cos O' 4. 0). Sinceg<< 1, expression(30) is anomalously large. Note that

condition (29) imposes very rigid restrictions on the drift velocity of the

electrons, Is--ucosOI _[--s_ n
\_)k"
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S. S. Kalmykova and V. I. Kurilko

EXCITATION OF A PLASMA WAVEGUIDE BY A

COAXIAL WAVEGUIDE

Consider a semi-infinite cylindrical plasma-filled waveguide (z > 0; r _ a),

used as an extension of the central core of a coaxial cable (z < 0; a _ r _ b)

and terminating with an ideally conducting diaphragm (z = 0, 0 _ r _ a).

A TEM wave propagates from the coaxial cable(z<0). Let us estimate

the efficiency of excitation of the plasma waveguide by the coaxial waveguide.

We substitute an anisotropic dielectric for the plasma waveguide and

seek a solution for the scattered waves as a superposition of plane waves,

each satisfying Maxwell's equations. For exalaple, the field H_ is taken
in the form

+_

H_ (r, z) = _ H (t) II _(vr) Ko (vb) + Io (oh)(1 (vr)] exp litz) at

(a_r_b), (--_ <z < + oo);

H_(r, z) 4- 3 h(t) Jt(13r)exp( tz)dt (1)

IO_ r <_ a), (z > 0),

where

v = (t2 -- _2}'I,; _ = _- (eik2--t _) k = T ;

/-/(t) and h (t) are unknown functions which are t<) be determined from the

boundary conditions on the surface r = a:

z<O E_(r=a4-O)=O; (2)

z>0 H_(r=a+0)=H_(r= a--0);

E_(r _ a + O) = E_(r =,t--O); (2a)

z=0 E,(r<_a)=O (2b)

In (2a) the superscript t denotes the total field, i.e., the resultant of

the incident and the scattered waves.
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Applying Rapoport's lemma ]1 ], we find from the boundary conditions

(2) -(2b)

] t]_+ (t) _ [Z_ (t)--Zb (t)J ,_-(t) +Z_ (t) ff+{l) q- 2._i_ - k ; (3)

q_-(t) = q,+(t),

where the superscripts +

are anMytical in the upper and the lower t half-planes, respectively, and

the functions Z_, _r are defined by

Z b (t) = _ & (t). ke rl J_ Ilia).
U, _,7(5)' Z_ (t) = _- _,

A0 (t) = 1o (va) ko (vb) -- 1_ (vb) Ko (va);

A_ (t) _: I1 (va) Ko (vb) +/o (vb) K1 (va).

Applying solution (3), we find the unknown functions

k qD-(t), h(t)= k_'r + l
H it) _ a,, Ih ' _,,Tl_a3-1¢? ( ) + _-(t)l'

Relation (3) is equivalent to a system of two boundary conditions for

two piecewise-holomorphic functions. Since q.-it)-_Zq_+(--t), this system,

according to [3[, can be reduced to a single integral equation with a

Cau chy-type kernel:

k I

FlZb_,l -- (2Z, -- Zp l'l_,l = .x%; " ¢*- k_ '

whereq,(O =q'_(t)--_0-(t), and the operator l'stands for the integral in the

sense of it_ main value,

_;---Y ! (t').

and -- indicate that the corresponding functions

(4)

(5)

Since Im k > 0 (we seek a time-dependence of the form exp (--i¢ot}), the

coefficient preceding the singular part of equation (5) does not vanish on

the integration contour. This implies that the homogeneous equation

corresponding to (5) has a unique solutions0--0. Hence, equation (5) is

equivalent to a single Yredholm equation /4/

a_

h _' dt a -z

_(u}- ,-,T_,V .1 _s, " z_tj

1 f dr' i Z_(I)--Zb' t''-- 2U_,5£ Zd;i(? --ui i:- t; q_(t}dt,

where

Z (t) = Z, (t) -- Zb (t).

Formulas (1)-(6) can be applied to a plasma waveguide immersed in a

magnetic field H, in three limiting cases:
2

1) Ho =0. In this case ell =e±=l %"
tO '

(6)
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3) ,,_. ,.U, = _2_(a magnetohydrodynamic wavegtide, M being the mass of

2 {%
the ion). In this case _: = 1-- ¢9!; eL= l+ ----.

In the first case, the waveguide propagates one slow wave only, and the

efficiency of its excitation may therefore be characterized by the reflection

coefficient of the coaxial wave. Solving equation (6) by iteration for high

plasma line density (_ \'_:_b'>_ a_\ 8 = _1_,,, we obtain :_n expression for the

reflection coefficient (see also ]5,6])

= 41_ _ -' (7)q

Since equation (6) is exact, we can find with its aid the error arising

when an impedance is substituted for the plasma rod /5,6]. The applicability

of the impedance approximation has been established assuming that all

the characteristic dimensions in the medium ar_ large in comparison with

the skin layer thickness [7]. In our problem, however, one of the para-

meters -- the dimension of the transition region from the plasma waveguide

to the coaxial cable -- is small in comparison w th the skin layer thickness.

An analysis of the asymptotic behavior of _(t) as t _¢_ [8/ shows that the

correction factor to be introduced into the reflection coefficient (7) in this

6s . k
case is of the order of magnitude of _m_-.

Formula (7) gives the reflection coefficient as a power series in the

parameters a and _. Setting b _a, we may pro_'e that even in this case
a A

only an insignificant portion of the power (less tlan 10%) is reflected from

the junction between the plasma and the coaxial waveguides.

In the second case, in the presence of a high magnetic field _,H >)_,0J,,,

the plasma waveguide propagates, not one, but nfinitely many slow waves.

The wave numbers of these waves are determined by the dispersion equation

_0-_2- = 4q; _ = _ _(k 2-- _) a2. (8)

Solving (6) by successive approximations (fo:" X >> b > a >)6), we find

the excitation coefficient of these waves in the _eroth approximation

T,, 8q(l 4 b_ I

The reflection coefficient of the coaxial wave in this case

R_- 4q_ 1 4-q-_

In the case of a magnetohydrodynamic wave_uide, with _ )) b > a )> 6, ej. )) 1,

only one slow wave has a phase velocity of the _rder of e. The other waves,

as it follows from the dispersion equation (8), have small phase velocities

I _T)8_ 'ls
t _ J/
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not large. Neglecting the contribution of these waves, we obtain for the

reflection ratio

qlql _'P (e±k2-- _,2), (i I)

where y ----- k is the wave vector of the principal mode of the plasma waveguide.

In a weak magnetic field (_>>I), expression(ll) coincides with the

first term of equation (7). In strong magnetic fields, when _ -- i_I, we

cannot neglect the slow waves excited in a magnetohydrodynamic waveguide,

whose fields oscillate inside a plasma rod. The corresponding reflection

ratio

R = Rn (n__- i)(n± ÷ l) ' _ _'_' (12)

where

n_. = _i; J, (_._)= O.

The second term has the order of magnitude of n: . _--, so that
(n± ÷ 1)_n_'_-- 1) a

equation (12) reduces to equation (II) with nm >>I.

Thus, with high plasma line density in the plasma-filled waveguide

(noa2 >>1012), its excitation by a coaxial waveguide is effective on low

frequencies both with and without a magnetic field.
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A. N. Kondratenko

A CONTRIBUTION TO THE NONLINEAR THEORY OF

A PLASMA WAVEGUIDE IN A HIGH MAGNETIC FIELD

The linear theory of a plasma-filled waveguide has been studied in fairly

great detail [ I-4/. However, only the nonlinear solution can settle the

various important problems connected with the arisal of the higher

harmonics, the dependence of the wave phase velocity on the field amplitude,

etc. The nonlinear theory of a plasma waveguide in the absence of a

magnetic field has been considered in the approx mation of small non-

linearity in [5,6[. We shall discuss here the propagation of an electro-

magnetic wave in a plasma-filled cylindrical waveguide immersed in an

infinitely strong magnetic field (_ >> Q_, _) pointing along the waveguide

axis (the z axis).*

The kinetic approach appears to be the most consistent. However,

nonlinear kinetic analysis constitutes a highly complicated problem. If

the phase velocity of the wave is much higher th_n the electron mean

thermal velocity, the hydrodynamic techniques a_ply. The thermal motion

is introduced by considering a pressure gradient in the equations of motion.

The starting set of equations comprises Max_ell's equations

1 OH
r°tE =--c a-T; (1)

, 0E 4_ (2)
rotH - c Ot c nv,

the equation of motion of the plasma electrons

ov e E--! e
%F + (vv)v = -- _ m,, VP -- r_- _v, HI

(3)

and the equation of continuity

On
-_- +divnv =0. (4)

where n and p are, respectively, the number density and the pressure of

the plasma electrons. The motion of ions, having a density no, is neglected.

In an infinitely strong magnetic field, the veh,city component along the

magnetic field, vz, is the only one that does not -_anish.

The time and position dependence of all the quantities is sought in the

form /5/ XRt(r),_(g), where _ =t--T_ ; _ = ; Vp, wave phase velocity.

Since in an infinitely strong magnetic field the E and H waves are separated,

we can apply equations (1)-(4) setting p = an _ ( y t _e adiabatic index, a a

constant) to obtain nonlinear equations for the E- _ave in the nonrelativistic

approximation: H_ = _E,; (5)

e_. L

It is shown in /7/ that an electromagnetic wave propagating in suc _ a waveguide is unstable with respect

to "decay" into two similar waves with different frequencies and pi'ase velocities. The analysis that

follows ttlerefore applies to times accommodating a few hundreds o: wave periods, the life of the original
wave to its "decay".
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where

Ez mc_ Ow u' I-_
o_ ' w=u-- _- 4- _ ,(I--uf-V; (7)

¢_ 2k''_ I 0 dw 02w _. u

_=_ _ ' _-x_- + _ + _or--_ = °, (8)

v2 . __ yP___..__o . 4he'no

-- m •_= %" _- _°°%h' _- --

The boundary conditions for equations (5)--(8) postulate continuity of the

I [v, Hland H-- ]tangential components of the vectors E + c T iv. El at the plasma-

vacuum interface /8/. Denoting by {A} the discontinuity of the quantity A

across the interface, we find that the field Ez is continuous, while for the

discontinuity of the field Hw we obtain {H_} :"= -7- {E,}. The term in the

right-hand side of the last equation is contributed by the surface current

j% ---en",L_. The current j_ is of second order of smallness relative to

the field, and it therefore does not enter the linear theory. In the nonlinear

theory, ]_ in general is other than zero. However, in our case, in virtue

of relation (5) and v, ¢ Vph, the fields H, and E, are also continuous at the
plasma--vacuum interface.

Thus at the waveguide boundary

{E,}= {E,) = {H¢)= 0 (9)

Equations (5)--(8) cannot be solved for an arbitrary nonlinearity. We

shall therefore consider the particular case of small nonlinearity, when

u<<l.

Starting with equation (6), we find the field E,, and from (7) and (8), the

electron velocity u and the field E z. Apart from u3, we find

Ou eE _ +y__y6 d u 2 "y6 [ l -_ "y) . 2 Ou " (10)o-_ = m4_<___+ 0_-'_-+2_3-_a_" -_-,

c'_2k_ I 0 OE_ O_Ez

=_ L_ +_,a-2a)_- +[_6(] +_,)+6(l--v)lu _-_j.
where

_2

1--6"

Equations (10) and (11) can be solved by expansion of the partial dif-

ferential equations in terms of a small parameter ]6/. If the first-order

radial functions fall at infinity, this method can be applied for any a

(a being the waveguide radius).

Solving equations (6), (10), and (1 1) in the first, linear approximation,

we find the fields and the electron velocity in the plasma:

E_ = EoJo (x) cos _; (12)

E, = -- _ EoJ_ (x) sin _; ( 13)

u = -- eJo (x) sin _, (14)
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where
eE0 fls

e=mc_o(E_5); e_= 1----_;

k_L = -- e, _ (L -- _');
(15)

J, and J0 are Bessel's functions of first and zer(.th order, respectively.

In the vacuum (no = 0), the solution of equati(ms (6) and (11) approaching

zero as r_ohas the form

E, = EolKo (xr) cos¢; (16)

E, = -_ eolK,(_-)si.., (17)

where/<_ and Ko are Macdonald functions;

OS

x, = -_,(L -p,). (18)

Since the fields at the plasma-vacuum interlace are continuous, we

obtain the following equation for the waves pro[agating in the waveguide/4/:

X J1 (k.La) _1(_) (19)
--Sa _ • Jo(k±a) = Ku(xa)

Since gz and /Q oscillate, in general there is an infinity of waves of

different phase velocities _ corresponding to a given frequency o. We shall

consider the case when there is but one wave p "opagating in the waveguide,

whose phase velocity is such that k_ a"- (< 1. *

To find an equation of second order for the field E,, we substitute the

linear solution in the right-hand side of (1 1). _ eeking a second-order field

E, in the form E¢21= EoR,(xi sin 2_, we obtain an cquation for the function R_:

l o x OR, (2o)

where

q2 Qs_4_, fi2 3--t(2--7)

For x_<<l, we have (to terms of the order ofx _, inclusive)

Ei2'=Eo C(l--_-)+fo T iin2,;

El2) _es x
• = -- _ go fro-- q2C) -_ o,s 2¢,

(21)

(22)

where C is a constant.

The field in the vacuum, falling off to zero _ s r _ % now has the form

E(_2) = E._ No (2×r) sin 2_; ( 2 3)

, = -- _ Eo_KI (2×0 cos 2¢. (24)

* This inequality is not obligatory: it has been introduced solely fo the purpose of computing indefinite

integrals of products of three cylindrical functions.
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Seeingthatthefield is continuousattheplasma-vacuuminterface,we
candeterminetheunknownconstantsC and E0,:

C- /o . Eo2 E,,C n = q2 /(01×a} (25)
n K0 (2xa) ; K0 (2×a)"

The second-order electron velocity (14) is

.,= ; (26/

For

k_a2<.<l; f_2,\_., 6q\ o 3 (27)
/_ , . -- y

all the relations are much simpler:

3_ _,,+J._,, (28)
E_)=EoCsin20;, C=.2(1_6) J,_2 '

E(2_ _e_ x
• = ,Tc_y_lE,,C _ cos 2_'; ( 29)

.':' = _ Ccos2,, (30)

where_h =0.577 ... is Euler's constant.

Substituting the first and the second-order fields E, in the right-hand

side of (11), we obtain on third approximation (for x _"<< 1)

1 O OE_ 3) I--_" O2L", '' _E;3)I (31)T.

where Aa is a certain coefficient specifying the third harmonic;

f"3= 8d--_) " _ (3+y6--26) 2.c_ i +y,__l -' _, 1-_ ] IyS(1 +_,)+6(l--b) .

The left-hand side of (31) is an equation for the first-order field E. The

first harmonic entering the right-hand side of this equation does not lead

to secular variation, the left-hand side being a partial differential equation;

it only alters the first-order radial function. This, in turn, changes the

phase velocity of the wave.

We seek a solution of equation (31) in the form

E_3_ = EoR_ (x) cos _.

For Rs (x) we have

1 O OR3 .

x " o._x_ + Rs =/o._. (32)

Its solution, to within x 2 inclusive, is

x, . (33)_,(x) =c,(1-4)-to, T

To find the constant C8, we apply the boundaKy condition at the waveguide

axis:

E. (O, _) = E0cos to_. (34)
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In virtue of (34), Cs = l, and for the first field ha-monics in a plasma we

have on third approximation

Ez = Eo[1--(l- fo_)_1 cos,,; (35)

o_e, E q x . (36)
E,=--c--_, o_--fo3)ys,n,p.

Applying (2 7),

98' .y,+ In×a (37)
los = 8-(1 --6)' In2

Seeing that the fields are continuous at the plasma-vacuum interface

and applying the new expressions (35) and (36) for the first field harmonics

in the plasma, we obtain a nonlinear dispersion equation

_, = _0%' c_ (38)( 1 -- fo_) in oa--

Since xa << 1, we have [oF < 0 and the wave phase vetocity increases with the

wave field amplitude,

Setting [_2 = [_0 (1 -- los), we obtain from (15) for _ << 1

k_L ,30_' (39)
k; = ,_,= ; eo =-c,_

Applying (39), we find from (35) and (36) that the nonlinear coupling does

not affect the field E, and enhances the field E, (and consequently also H_).
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V. D. Shapiro

NONLINEAR OSCILLATIONS IN AN INHOMOGENEOUS

PLASMA IN THE PRESENCE OF A MAGNETIC FIELD

Nonlinear electron plasma oscillations in a "cold" plasma have been

investigated in detail in /i-5/. However, it has been invariably assumed

that in the absence of oscillations the plasma is homogeneous. We consider

the case of plasma oscillations set against an inhomogeneous "background".

We assume that there are no thermal motions in the plasma, and that

a uniform magnetic field H0 is impressed, lying in the YZ plane and making

an angle i} with the Z axis, which points in the direction of oscillation. The

starting set of equations in this case has the form

av, dv

-_- + v_-6T = -- (""(v_cos _ -- v,sinO)

Ov 0%
F v, _T = mHV_COS

a-T -F v, a_ m E -- O_HV_ sin 0

aN + _._(No,) = 0at

o..ff__E= _ 4ue (N -- Na) ,
Oz

(OH eHo_'_ .

Let us consider the case when in steady state the electron velocities are

all zero and there is no electric field, i.e.,

No. (z) = No, (z) -= No (z).

It has been shown in /4[ that (1) are easily solved by substituting {t. x. g. z}

for the original variables {t, x, y. ,}, , (t, z) being defined by the equations

U _ Nvz (2)

(No the maximal steady-state density). From (2) it follows that the equation

of continuity is satisfied automatically. Integrating Poisson's equation,

we find

(i)E=--4ne _N'o-- Nodz +g(t). (3)

z

Without oscillations _2 : I,_NMz

No

g (t): O, which corresponds to a zero external electric field.

d_ o, a_ : O.
furthermore follows that _Z -- at +v'_-z

Therefore

dv Ov 0v Ov av d_b Or= 0_r

T = _- + v, _-z = T, -4- a_ a_ at, at_

andE:0, and in our case we must set

From (2) it

(4)

65



Substituting (3) and (4) in the equation of motion, we find in the variables

t. _I_

0_z 4_e 2 f 4ae=No
at_ + T _ ,'Vndz = ,--5_ _" -- c% sin 0v,;

_'v = OIHX COS I_ -- t_H/0 COS t_;

v, = -- %, (_/cos # -- z sin O) + %, (Yocos t'_ -- zo ($) sin _). (5)

In the last two equations, the integration constants are chosen from the

foHowi_-_g condition : v, = v_ = 0 and r = r0(_) in the absence of oscillations.

Eliminating v, from (5), we obtain a final set of equations in z (t, _)and

Ot--r + _ _ _vodz + (o_ (sin'0z -- sin 0 cos b y) =
o

4neON o

= _ q_ 4- ¢a_ (sin =Ozo (_) -- sin 0 cos ':_Yo) (6)

o_y
(o_ (cos_y -- sin _ cos Oz) =Ot_

= _ (cos2 byo -- sin 0 cos Ozu ($)).

In a homogeneous plasma (N 0 = eonst), substituting z = z0 ÷ 5z; y = Y_ + 6y;

z0 : q" in (6), we find that the frequency of the nonlinear plasma oscillations

in the presence of a magnetic field is identical to the frequency of the linear

oscillations. This result was originally obtained by K. N. Stepanov ]5].

With A'0 ¢ eonst, the system (6) is highly complex. We investigated this

system only for cases when it separated into two independent equations,

7I

i.e., forg=0, _= T"

1. 0 = 0. Substituting z = z0 + bz, where z0 is _etermined from fNclz = N_$.

we find for 6z(t, _;) '6

z,+_z

O'6z __ 4xe2 i"
Or-q- _ ---g- j No(z') az' = o. (7)

z,

From (7), the energy integral

a u

1 Obz ,= 4no' ? (_(,_ ) - _ ,!au_'V°(z°+ .')d,' = o, (8)
6z 0

wherea is the, oscillation amplitude; the integralion limits have been chosen

06z
from the condition 8z = a; the velocity _--= 0 (6z = a the point of reversal).

Taking _ from the energy integral and integrating the resulting equation

with respect to time, we find

6z

t= r o o. -,/,. (9)
/8ae' ? , (' . ,
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This relation gives 6z (t, _). Applying

Jv_ a6z zi+_N= Ozo+ O_z ; vz = -5/-; E = --4he No(z)dz, (10)
0u2 (9_ zo

we can also find the density, the particle velocity, and the field in the

plasma in terms of the variables t and _.

To return to the original variables tand z, we should substitute N(l,_)

and vz (t. ,)from (i0) in equation (2) and solve it for , (t. z). By way of an

example, we shall determine the frequency of the nonlinear oscillations.

From (9) we find for the period of oscillation

i . (11)
du

du' N, (Zo ]

Let the plasma density vary as No(z) =N; (1 --_); Izt < I. Substituting No (z)

in (11), we calculate T (a, z0); z = zu is the plane where the oscillations with

a--oo are localized. For simplicity, we shall henceforth limit the discussion

to the case z0=0. Then from (11)

T: 4 _K( a ) (12)_(o) 11-/777 _ '
V 6l 2

where K is a complete elliptical integral of the 1st kind. With a (< l,

0) = _L(0) = _; with a _ l, the amplitude dependence of frequency can

no longer be neglected. The frequency falls off from (_L(0) for a << I to

5
-g%(0) for a = l.

2. {_ =7r/2. As in the derivation of (11), we can obtain from (6) a

formula for the period of oscillation:

_u

a u" _' (13)

Z2

Substituting No(z)= N.(1 ---)-_ )and setting as before zo = 0, we find

T 4 l K×

¢%(0)

o_[(0) + (,,_

(14)
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V. D. Shapiro

A CONTRIBUTION TO THE NONLINEAR THEORY OF

CHARGE-DENSITY WAVES IN BEAMS WITH VARIABLE

PARAMETERS

Parametric excitation of charge-density waves is possible in beams of

variable density and velocity. In the lineartheor2 /I--3/, the wave amplitude

exponentially increases along the beam for certain relations (characteristic of

parametric resonance) between the velocity or the density modulation

wavelength L of the beam and the plasma wavel..mgth £p = 2a _-_°.,
O 0

2L=n_o, n=l, 2 ....

Parametric resonance is widely applied in radio engineering in the amplifi-

cation of microwaves, but the theory of this ph,momenon is practically

limited to the linear amplitude approximation. The linear theory, as

usual, is adequate for establishing the onset of instability and the growth

rates in the initial stage, but it is insufficient fgr examining the behavior

of the solution for large amplitudes or finding tae maximal oscillation

amplitudes. In the present work we consider t]Le nonlinear theory of

parametric excitation for the simplest case of .m infinitely broad beam of

low percentage modulation which is homogeneous over its cross section.

Unlike ]4[, our analysis is not restricted by th_ _ requirement of small non-

linearity and time-independence of amplitude and phase.

The starting set of equations is

OV vOV e
-_- + --_ m E

oN o0-7+ (NV) = 0 (1)

OE_E_= _ 4_ (N -- N+),Oz

where N, V are the number density and the velocity of the electron beam,

N+ the density of the background ions, In the s:eady state, Nand V are

given by the relations

V; e (< 1 (2)
No=No(l +ecoskz); V0= l w-ecoskz ;
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(to avoid ambiguity, we shall take e >0). The particle flux NV in the steady

state is conserved along the beam (_(NV) =0), and the velocity variations

in the electron beam set up a steady-state electric field

z z

Eo (z) = -- 4he Nc/z' -- = 2e " O_"

Let us consider a boundary-value problem. Time-de_endentperturbations

are imposed on the steady-state velocity and flux of the streaming particles

at z=0:

v_

,, 4_,,N_ (4)
{DO _ 171

These perturbations set up charge density fluctuations in the beam. Our

problem is to establish how these fluctuations propagate along the beam,

without assuming small amplitudes or linearizing the starting equations. *

The analysis of nonlinear oscillations in a variable-parameter beam

is conveniently carried out by substitution of independent variables: t and

are substituted for the ordinary variables tand z, where , (t,z) is determined

from

o, N . 0,_, NV (5)
a-F= x_' _ =---7"N

Here tp (t, z) is a stream function which is conserved along the particle

trajectory:

= at H-V =0.

_(t, z) was successfully introduced as an independent variable in the

solution of some problems in gas dynamics [5[. Kalman ]6] was the first

to apply this transfornqation to the problem of nonlinear plasma oscillations

in a one-component plasma.

If relations (5) are satisfied, the equation of continuity applies auto-

matically, and Poisson's equation is readily integrated to yield a relation

for the electric field:

z

To find G (t), we make use of the fact that in the steady state, with no

fluctuations,

z •

* The case in hand can be realized experimentally in the fo/lowing way. An e;ectron beam is injected

into a space where an electric field (3) is set up by modulating grids; a high-frequency voltage is

impressed on the beam at the input, and the nonlinear oscillations of the beam particles are investigated.
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Therefore, limiting the discussion to a case of zero external electric

field, we find for E (l. _)

Since \W = O,

z

e = - 4_,,¥;(,-' t Uoaz+ v;0 _ e0 (6)
No

_; ov vOV (or ov _, ,or) io,,t_7 = -KF+ oz = _r), + y¢ "_i- = (Yg, = t or,I,

Substituting in the equation of motion Eo(t,_) from (6) and N0 from (2), we

find an equation for z(t.g,), viz., the displacement of the beam electrons:

02Z .2 ( 8 '_ e07 : _ z+Tsinkz)=% (,+V;t)- -_Eo (7)

\Ve write z(t,_)as z =zdt,_)+Sz(t,_), where the steady-state displacement

z0 (t. _) is defined by

8

zo + _- sin_zo = _ + V'd. (8)

°being small, we approximately have forz0

_ . e sink(_+g,ot )z° _ + Vot---_

Applying (3) and (8), we can easily show that zo(t, _) also satisfies the

equation
d_zo e

Ot-_- = -- _7 Eo.

(8')

Equation (7) is conveniently written using the ve riables _, _0, where

= _ +V[t. Substituting z° (4 _) from (8') and retaining only terms linear

in e, we obtain the following expression for the pelturbation displacement

0U I _ 6z = e -'-5" [sin k_ -- sin k (_ -f 6z)]. (9)
I/ k V°

Linearizing with respect toSz, we reduce (9) to a Mathieu equation with

instability zones

n o)o

k_--_--=; n= L 2 ....
Vo

In the e -linear approximation, instability is pos _ible only with n -- 1.

ttaving determined 6z (t, _) from (9), we can find the density and the velocity
of the electrons from the relations

• O6z N O
V = Ve+_T; N

0,0 o_ (lO)

For arbitrary _z, (9) is an oscillator equation w_th a nonlinear term

proportional to a small parameter e and dependent on the variable _.
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Equations of this type are solved in /7/. For simplicity, we restrict the

% ':' In this case, in
analysis to the 1st unstable zone, setting 72 v0

accordance with the results of /7], the solution of equation (9) has the form

• I k_ _)] + u,(_, a, (I1)6z _ a(L _)COSL_- + 0(L 0).

Here ux is a _ -oscillating function proportional to a srnall parameter _. The

explicit form of ul is of no significance in what follows, since for small e,

the term u, introduces but a small distortion in the fundamental harmonic

term whose amplitude and phase vary slowly with _. The L-variation of

the amplitude a and the phase _ is found from the equations

2m 2_

a-_- _ -- _ e2"°° dk_-e"°_; × d_p sin g'e -2l°* [sin h_ -- sin _ 1_ + a cos _t)];
o 0 0

,

aO % _ e w'_ 2ioo C d "M" ei°k_ X

a O

2_

× _ d_ cos _)e-_°* [sin k_ -- sin k {_ + a cos _;)l. ( 12 )
qJ
0

Applying the expansion

ei_a cos ,-, ,.(,+ if) ....

a

and taking the integrals in (12), we find a set of equations in a (_, _}, @ (_, _):

aa $ sin 2_
a r, 4 (,Ix (ka) q- J3 (ka))

(l_)

00 _°o k e cos 2,_ Jl (ka) -- J3 (ka),

where a (0, _), #(0,_)are determined from boundary conditions (4). For

._= 0, we have from equations (4)

, = --V'ot + g(t). (14)

Since the oscillation amplitude is small for z = O, we approximately have

t=----_o ' i.e., forz=O, _=0. Substituting _from (14) in (6) and

replacing twith -_, we find for z=O

(15)

* For a nonlinear oscillator (9), the condition of parametric resonance has the form -_- -_ _ (m and n

integers). However, resonances with n _ 1 are permitted only in the e -nonlinear approximation, and

with m ea 2 only in the amplitude-nonlinear approximation.
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Fromequations(4)wesimilarly havefor V at z -- 0

V=FT_ -- •

On the other hand, applying solution (1 1) and vteglecting the small terms

proportional to e, we find for _ = 0

E = Eo ÷ 4neNo_z = Eo i- 4aeN_ (0. _) cos [0 (0. _')];

06z V_ %a(0, _)sin[0(0, _)]. (15")
V = Vu _ Ot I+_

Comparing (15) and (15') with (15"), we find

=s,(-Z/+
._ (0, _) \ v,, / \ _, /

- _I' -r

The problem thus reduces to the solution of a system of ordinary differential

equations of first order (13) with boundary conditions (16).

Forka<<l, equations (13) are simplified:

= N sm zuRa
(17)

04) t°o k

+
The solution of (17) has the form

_---i v_- _

"0 = arc tg[ ;. th),_ (18)

Here for simplicity we set s = 0 and write

Instability thus sets in for

....k2 '_ --

v

' _ _k (18')%_ _<-g-
V

In case of instability the phase approaches a cot stant value

t8 _
O_ = arc tg k

and the amplitude, in the framework of the line_ r theory, increases in-

definitely. However, for ka _ 1 the nonlinear effects cannot be neglected,

and the solution must be obtained for the exact _¢.ystem (13).

72



Seeing that

ka [J,tka) + Ja(ka)]= 4J, (ka);

we write (13) as

d_

d;

Setting for convenience

3ek_
--f-= r;

2 dJ, Ika)

dl(ka)--ds(ka)=_, da

da _ sin 90;= 3_

con k 3e dJ_ (ka) COS 2@.

vl ' 2 + "2ka da

% k 3ek A,

ka=x; v_ 2 8

we obtain for (19)

(19)

or

where

d_
d_

____ = 2d, (x) sin 20;
d'_ x

xdx OH
-_- = --_-;

x I-77 -- = _.

(20)

(21)

H (x, O) = d_ (x) cos 20.

Multiplying the first equation in (2 1) by dO dx---?7 and the second by ?7 and adding

them up, we find

"_V H(x, O)+_x _ =0,

i.e., equations (21) have an integral

a a o (22)H (x, 0) + -g-x2=const = d_xo)cos 2@0+ -g-x;,

where .,co=ka0 ao, Oo ace the amplitude and the phase for _ = 0, as defined

by (16).

Solving (22) for sin 2_, we substitute the result in the first equation in

(21) and integrate with respect to T*:

x,

_,,|_ *(x_, x_. [o)' (23)

II A 2 _ l

*= 16J,(x)--[-_-(x --Xo)--4d,(xo)_o] ; _o=COS20o

The x defined by equation (23) is a periodic function of t, varying between

xmi n and Xmax_ where Xmin, Xma x are the two smallest positive roots of the

equation

(x"-,xL _0)= o.

* The author is grateful toV. K. Yulpatov, who suggested this method of solution of(13) for arbitrary k,a
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It is easily seen that x,nin<Xo; in the instabilit 3 zone, i.e. , for IAI < I,

xmaxis much greater than x0, and it therefore car be determined with higher

precision by solving the equation

8J, (Xma×) = I A Ix_ax. ': (24)

The period of the function x(T) is also easily found from (23):

x_

m a X dX _

T0=2 I "_=

:, k¢(:, _ t.)
rain

Near the boundaries of the instability zone, whe:e A = _(1 -- _); 6 (< 1, the

amplitude is small for any _, and J, (x) in (23) caq be expanded in powers of

'(x'-- ._). Seeingthatx, retaining the two leading terms only: J_(x)=

x ,:_ l; x0 _: l; 6 C I and retaining the leading terms only, we obtain for (23)

- i _dq
'2 _ -- ._ V 126_1" - q3 + 12'p30y -- 6' I_y _

r_

: ,. (25)h=x2; qo x 0, ¥= 1--6-_ _o.

It is assumed that y ¢ 0.

Equation (25) can also be written as

j' ,_,1 (25')2 I 6 1/-[qz -- 11!(q - _} (rl - _,)

The roots 'b can be easily found seeing that _0 _( 8:

_'=---C Y; 1h=-; q_=125+--.

The integral in the right-hand side of (25') has Leen calculated in ]8/. Three

different cases are considered depending on y.

1. y>0. Then qt <0, 0<_ <_lo. From (25') we have

qs--_lz 11--qt' v _/--

-F l.r¢ _inl,: " - "' '_-"" _l " |_._/-__-_1, (27)

where F is an elliptic integral of the 1st kind. ]'rom (27) we have for '1

-- -- , _W:-_,_,,_= '_' '_''_-'_, (28)

* For fairly large amplitudes, ka ~ 1, trajectories may intersect :esu ting in a multistream motmn. The

boundaries' of multistream motion are determined by setting the dt rivative equal to zero;
/=consl

this is equivalent to a zero distance betv, een two trajectories with lifferent #/. Applying(8'),(ll), and

(13) and neglecting small corrections_ Xo, _, we find the boundaiies of multistream motion_b(_)

from the eqtlation

ka 2.
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_] is theelliptic sine;wheresn w. , '_,--_,J

w= 8 V--_q- _ --_,,--']2

(29)

The last term in (29) is negligible for fairly large _, when_] >> %.

Applying the well-known properties of the elliptic sine (see, e.g., /9/),

we can find the period of the function a (_):

_6 V 2 ms- "q, (30)_o = _- 3 (rl,q_ ,rh) K (_),

where K is a complete elliptic integral of the 1st kind. Over a single period,

a first increases from a0 to area×= _- |/-_ at _ = 7' and then decreases to

]

amin= TV--_, again increasing to a0.

2. --6._<y<0. Then _], <0. 0< Th<_10. In this case, _],and Thshould

be interchanged in both (28) and (29). The maximal and the minimal ampli-

l l

tudes are amax= ¥ V_,, amin = ¥ V-_*.

3. v = 0. Formula (25) does not apply, since more terms must be

retained in the expansion of J, (x0) in powers of x0. In this case, we obtain

for (25)
n

T I an (31)

no

Equation (31) may be reduced to the form of (25) by setting

, %,
Tl'=--i_; "q2=O; TI3=126+i_.

Then, for (27) we have

T t"---d--"1/'l'--n' = F[arcsin_

-- _qt

V_ --F[arcstn V_

Then for

_, - 1.

(31')

T
--%lq, sn, [_, V-TL-_. 1 (32)

V _--_-_, ] ; (32')

amax='_lh; amin'=--0; _o=_ 3(___rl,) _s_--'_-_ •

The original variables t and z can be recovered in the case of small

oscillations by applying the formulas

= z; _ = z-- Vot.
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In terms of the original variables l and z, '1 = k_a_is thus determined by

formulas (28) and (32), where w is found, either from (29) or from (32') by

substituting z for 4, and,l, is obtained from (26) and (31'). In (25) and (31'),

t0 and ,10 are expressed with the aid of (16) in teems of s and g entering the

boundary conditions (4):
g' t-- z-_ - --s' t-- zt v0)

(33 

The variation of the phase 0 with _ is found lrom (22) by substituting

'1 = x z from (28), (32).

Let us dwell on some peculiar properties of our solution. In the case

of fairly large amplitudes, a _ area×>'> a0, the amplitude and the phase of the

solution are virtually independent of their values at _ = 0; av and _)0 are

thus independent on _. In Eulerian coordinates this corresponds to time-
Oa O0

independent amplitude and phase _-= 0, -_= 0 ia those z-regions where

a _ area ×.

The electric field of the oscillations is defin._d by (15"), with _z sub-

stituted from (i i). This gives

Hence for the potential energy density averaged over the period of fast
oscillations

(E') x' • ,'
--Sn = "-_ N°mV" ; x = k_. ( 3 5)

If the trajectories do not intersect, as assumec in this paper, x_2 and

the maximal potential energy density of the osc llations (E,; does not exceed

half the energy density of the original beam.

The velocity and the number density of the beam are determined from

(10). For a_ama×, omitting small terms_x0, _, we find

V=V I--ysin _+0 ;

N :N0 I (36)

ka [ k1 -- -_- sin -_ _ -1- O

A characteristic feature of our solution is tl_at the oscillation amplitudes

may be fairly high (karl) in the instability zone even for a small percentage

modulation, e <<1. Then, according to (35) and 36), the oscillations will

substantially alter the state of the beam.

In conclusion we should dwell on the advanta,_es connected with the

introduction of the stream function _ as an inde )endent variable in the

analysis of parametric resonance in beams. I= this case, the fundamental

equation - the equation of the nonlinear oscillator (9) - contains derivatives

with respect to _ only; _ enters the solution via the boundary conditions.

Equation (9) could thus be solved by applying th.' well-known techniques of
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the nonlinear theory of oscillations, developed byvan der Pol, N.M. Krylr'v,

N.N. Bogolyubov. On the other hand, when the problem i:_ treated in the

variablest andz (as, e.g., in /4/), the oscillator equation (9) i!_ replaced

with a nonlinear partial differential equation. Since no accepted metilods

are available for the solution of these equations, additional simplifying

assumptions have been imposed in /4/. Furthermore, the starting n,_n-

linear equation in the variables land z is complicated to such an extent

that it is solved in /4/ assuming a small e and a small amplitude (/_a C1).

The condition of small amplitudes is not observed at a distance from the

boundary of the instability zone (b _1).
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V. L. Sizonenko and K. N. Stepanov

THE EFFECT OF ELECTRON TI-IERMAL MOTION ON

NONLINEAR PLASMA OSCILLATIONS

The frequency ol one-dimensional longitudinal plasma oscillations i

amplitude-independent /i, 2/. This result, however, does not apply if

we take into consideration the relativistic effects /2,3/, the relation among

longitudinal and transverse oscillations /3/, and the motion of ions /4/.

In the present paper we investigate the effect the thermal motion of plasma

electrons has on the propagation of plane longitudinal plasma oscillations.

The starting set of equations is

On_ O( n u)
at ÷ "-OT -=0; (1)

/0_ __ o_ ) 0_ (21run,at , oat =--nee o, ;
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a_! _=o; (3)

OE_E= __ 4he (n -- no), (4)0x

where --eand m are the electron charge and mass; n andt, the density and

the velocity of the electron fluid; a=nT the pressure; E the electric field

strength; no the number density of the ions, assumed to be at rest. Plasma

oscillations are regarded as being adiabatic with one degree of freedom

(an adiabatic index of three). This can be shown to apply if the phase

velocity is much higher than the electron thermal speed /5]. We shall

in fact restrict the analysis to this case.

All the variable quantities are taken to be funczions of a single variable,

= x -- Vt, where V is the phase velocity of the wave. Then in the wave's

own frame, we have from (i)

nv = noV. (5)

From (3)

o = Oo(¼)', (6/

,_ const is the equilibrium pressure, v t being a certain meanwhere oo_--mno tt=

thermal velocity (foraMaxwellian distribution, v:---_), Since from (5)

and (6}
0c¢ 3n'_, On 3oon2[ '' Ov

equations (2) and (4) yield

ov (I-- _"V' ) = -- e_ E" Oe V )v_ m-_,o_j m ' _-_ = --4ae_0 _--- ! .

Setting

u = -V- ; E = l/'4nnc_nV 2 . e;

v¢
ut =-----V--; __._

4:_n_ 2

we write these equations as

u--I

u

where prime denotes differentiation by _. Hence

Integrating,

(u-- l) (1--_u4 )du + gdg = O.

2 __ : cons_._'+ u' -- 2u + _ ---_ u8

(7)

(8)

(9)
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Applying (8), we obtain for u

u'(l -- u_--_-t_)u" + (u-- Ip[ l 4 (23.,+ ") ] = o, ( 1o)

where C is a constant. Hence

Plasma oscillations correspond to periodic solutions

(11)

_(_+t) =e(_); u(_ +t) = u(_). (12)

We define a parameter @ by the relation

u = 1 +Ccos@. (13)

Then _ = _(0); e = e(@).

For nonlinear oscillations v _ V, u _ ]. Since vt ,_ V, we have u t (< I.
2.

The quantity _ (8)defined by (i I) can therefore be expanded in powers of u v

S Y{ua. T u_ V C _ -(u -- l )'= ! yo-(u- 17 u 3

(2 + u)(u-- 1)* }du.-_- 6u' [C' -- (u -- l)a I '/'

Applying (13), we find

_(0) = T ('b +Csin _))=F u_[/,(O)++ 1,(0)],

where
_c _

o o 2c / /l_c.

2C

The electric field is given by

e=CsinO_/l+u_ctg_) (3+C¢os0)
3(1 +C¢O$@) s"

For the spatial "period" of oscillation, we have from (14)

I 2 (I -- O) '/'
E

2nV(%

The frequency _) = _ of the nonlinear oscillations

[ 1_I= _p ] _- 2V_( I_c_)*I, ]- _o | Jr 2mVZ(l _Ci)t],

(14)

(15)

16)

17)
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where <T_ is the temperature averaged over the oscillation period.

In the case of linear oscillations (C ,0), fornula(17) givesaresultwhieh

also follows from the kinetic theory for _'tC< V ]6,7/. The nonlinear

frequency (17) varies with amplitude as _I/(I-C2) 2 .
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V. F. Aleksin

PENETRATION OF A LONGITUDINAL ELECTRIC FIELD

INTG A BOUNDED PLASMA

Landau 111 considered the penetration of a m(,nochromatic longitudinal

field into an electron plasma occupying a half-sp_ce. The penetration of

an electric field into a bounded plasma is also of some interest.

tn ti_e present paper, proceeding from the kin ,'tic theory, we investigate

the distribution of the electric field in a plane-parallel layer of electron-

ion plasma immersed in an external monochrom_ tic electric field directed

at right angles to the walls. An expression is aim derived for the energy

lost by the electric field in the plasma. It is shcwn that for certain values

of the plasma parameters and a certain frequenc z of the external field the

plasma will resonate, maximizing the energy losses. It is assumed that

the particles are specularly scattered at the plasma boundary, and that

the strength of the alternating electric field rein; ins fairly low. The

second assumption justifies the application of the linear approximation.

Consider a system of coordinates with the x a: is perpendicular to the

plasma boundaries, which lie in the planesx=0 _ndx=a (a being the

thickness of the plasma layer). In an external electric field parallelto

the xaxis, the velocity distribution function ofth,' particles and the field

in the plasma depend on the coordinate xonly. Farthermore, the velocity

components perpendicular to the x axis are of no significance in the distri-

bution function, and we shallhenceforth operate vith distribution functions
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integrated over these components. In amonochromatic field E (x, 0 = E (x)e -t_t

the distribution function of particles of the species _ can be written as a

sum f0a (v) + fQ(v, x) e-_% where v is the velocity component along the x axis,

¢0 the frequency of the external field, [_ (v}the equilibrium distribution

function (henceforth a =edenotes electrons, a _iions).

The function ra =f_ (v, x} is determined from the kinetic equation

ea E(x) d_v =0 (O<x<a), (1)-- ito,,[a -b v _- + m_

where _ = (0 + iv_;e_, m_, and _ are the charge, the mass, and the effective

collision frequency of particles of the species a. If the distribution function

f. satisfies the conditions of specular reflection of particles from the walls,
f_ (v, 0) = r. (--v, 0), f_ (v, a) = V_(--v, a), we have from equation (1)

la{v,x)=e -_voJE([)dv- t sin_----_--O(x--De d[, (2)

where O(x)= 1 ifx>0, and 0(x)= 0 ifx<0.

As the second equation, we take the equation of continuity for the current

density ] = ] (x), which yields

/ = _ (E - E0), (3)

where Eo is the amplitude of the external field at the plasma boundaries,
and

a

J= E eaj'o[a(v, x) dv. (4)
a=e, t 0

Substituting f. from (2) in (4), we have

a

" tK(_, _e(_)ct_, (5)
b

where the kernel K (x, _), symmetrical under the interchange of x and _, has
the form

8r_a2
K(x, _)= _ m_jH"{v; x, _ao;

a_t, r o

sin °a (a-- x) sin _tt [
o o

for x> _,
sin t% a

(6)
/4{v; x, D= sin% ,o

v (a-_)sin-Z._x
for x<_.

sin t°a a
t_

Substituting (5) in (3), we obtain an inhomogeneous Fredholm integral

equation for the electric field in the plasma:

a

E (x) = Eo + ! E (D I( (x. D _.
(7)
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The function E =E(x) is equal to E0 at the boundaries x =0and x =a, and

we may therefore conveniently pass to a function E1 = E -- E0 with zero

boundary conditions E, (0) = E, (a) = 0. The integrel equation in Et has thc

form
a a

=eoj'K( , (8)
o o

The solution of equation (8) satisfying the zerc boundary conditions is

sought as an expansion in terms of functions which constitute a complete

system in the interval (O,a). The functions sin .n_ x, where n -- 1,2 ..... meet

this requirement. The kernel K (x, _) of the integral equation is representable

as 0o

(9)

where the expansion coefficients are

4"_4i
q

cite, t -oo

Setting

v d/°a
dv

to a -- kno

E, (_)= _ .. sin_ x,

'_ (lo)dr, k,, = "T'"

we find from (9)

a_, = 0; az_+] = 4 Kz_+,
_(2n+l) I--K2,.t+l (?l=). l, 2...).

11)

Hence, the electric field in the plasma is

2n -- 1

K2n _-1 .E (x) = Eo , "
a-----O

For an electron plasma, expression (12) was d._rived by an alternative

technique in a recently published work ]2/.

Seeing that

o* sin __l _x

2n+l =T t0 <x <a)
n=O

12)

expression (12) is easily written as

2n _-1 )
Eo 4 _, K2n+l -- Ko sin _-- nxE (x)

= le\ +._-_ /--Kz_+_ 2n +-1 '
_=0

wheree= 1-K0is the permittivity of the plasma in tae absence of space

dispersion. For a Maxwellian equilibrium distribation function

hi(lot

V /?lt x 2T(:t

(13)
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(n_ and To being the equilibrium density and temperature of the particles),

K0 = -- _ -
_0)a •

a=e,

where .o.. = ]/4_e_n_ is the plasma frequency of particles of the species a.
m n

With a_ooand finite x, expression (13) reduces to an expression for the

electric field strength in a semi-infinite plasma] 1/.

The mean quantity of electric energy absorbed by the plasma in unit

time per unit surface area is given by

a

Q=+ (er (14)
0

Applying expression (13) for the fieldE and formula (3), we find on

integration with respect to x

a_ ' Im+{l 8 ,_-_, K_+,--KoQ=--_IE.I +-_{ (l_K2n+O(2n+l)t } "
(15)

n=0

The first term in (15) describes the absorption of energy in unit time

in a medium without space dispersion.

],:xpressions (13) and (15) are conveniently represented in terms of line

integrals:

(°)
E(x)= 1 -{-_- I--K_ " a - -k--I-

-® cos/__

+ 0 -- K_) 0 -- K+) a " ; (16)
o cos k _-

ao 2t "( Ko--K_ k a dk
Q=--_-IEoI'Im/{ 1 q-_- a I---_- tg _-D'+

2_ r_ K_--K+ a _t/z} (17)-}- na J(I--K_)(I--K+) tgk_-. -D" '
o

where the integration contours follow the real axis lifting to clear the zeros
a

of the function cos k-ff . For a Maxwellian equilibrium distribution function,

2Q_
r_(k) =-- _ _z_(1 +i_(z,)),

¢t_e, t

whe re

-- "et,dt _a ,
w_ (z)=e " :El + ; z,,= I/_k..

n /

v. = _ the thermal velocity of particles of the species a.

The function K_(k) displays no singularities in the upper half-plane of

the complex variablek, and the first integrals in (16) and (17) therefore

(18)
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reduce to residues at the poles in the upper half-[lane. The second integral

in (16) is conveniently reduced to the integral alorg the line of fastest descent

/ in the first quadrant of the complex plane k and the sum of the residues

of the integrand at the poles between the contour land the real axis. This

approach gives an asymptotic expression for the electric field in the plasma

Oct
far from the walls for x)/ -I-' and a--x _b-ff. The iategration contour in

the expression for Q can be transformed, with the aid of the residues, into

a line I' following the ray with arg k= 7r]4. The in:egral along the line l' is

easily evaluated for some particular cases.

0a

Taking the integral along the line l for x>> v-2-_and a --x >>%-. we obtain¢0

by the saddle-point method

, _:_- K+ co_k (-_ )
I 2- r dkIt = _- (1-- K_}(I --K+} a --k

t cos_ _-

4 V_Q_
= E _e'_ (_e-" + q"el")' (19)

a_e, i

whe re

e'=l--_ i-: _=T\%/ e : _h= 2k _ /

In (19) we neglected the interparticle collisions, v'hich, the ratio _'-_being

small, are insignificant.

The integral along the line l decreases as exp ¢',', or exp (a -- x)'. with

the increase of x or (x-- a), while the sum of the r¢sidues falls off as e-_"

or e-v_,-x_ (y being the imaginary part of the poles ( f the integrands).

If the poles of the integrands are far from the "eal axis, the integral

It dominates the expression for E at large distances from the walls. Thus,

E(x)= 1 + _ +:lae -nQ) (20)
ct=e,

This behavior of the field E (x) at large distance s from the walls is

conditioned by the displacement of the charged pa:'ticles whose velocities

are much greater than the average thermal speed:,_. Expression (20),

however, has been derived in the nonrelativistic _pproximation, and it

therefore applies if xor a--x are not excessively [arge(x<<_- a--x,_-).

Of independent interest is the case of a small camping ratio_, e.g.,

near a resonance point, where the frequency co is :lose to the plasma

frequency. The resonance electric field and the zesonance energy losses

are mainly determined by the contribution of the Iesidues at the poles of

the integrands in (16) and (17).

For a resonance at the plasma frequency Q,, tVe electric field Eand

the losses Q are given by

E(x) = 1 -- a ; (21)
cosk _-
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ao 1E01_lm I l lgk_ to= _ _ ! _. (22)

where

k = × + iy;

1 ( ve_ _,)'/'_V/8 '_×= +_+

'/' a _ e-_ (23)1 v_ 1/- 1
-_---_,=_, +_ +0(8) _ _,

d. the electron Debye length(de= @). Forx =0 andx =a, we see from

(2 1) that E = 0, rather than E= E0. This is so because in calculating E we

neglected terms of the order of 8. For o _ _e the integral along the line l

ed e

in (17) is of the order of_-, and it may therefore be neglected in the calcula-

tion of electric energy losses.

From (22) it follows that for _, f_, the energy losses Q in a bounded

plasma are maximal at the points × = 2n +7 a (n = 0, 1,2 .... ), corresponding
a

to a spatial resonance. If %=0, the resonance losses Q at the maximum

points (x = ----g--2n+ I n) for o_ f_+ and Ta <<1 are given by

Q" 12,_/ 7_e . (24)

For to < o._and v+= 0, the energy losses are zero.

A plasma whose electron temperature is much higher than the temper-

ature of the ions (T_;:, T_) may propagate, not only weakly damped waves of

frequency o = _+, but also weakly damped sound waves of frequency _ _< P._

and waves of frequency _ close to the ion plasma frequency_J3[. The

longitudinal electric field may freely penetrate into the plasma also in the

neighborhood of these frequencies.

If the frequency 0_ is close to _, then for 7", >_ T_, among the infinity of

roots of the equations K+ (k)= 1 and K-(k)= 1 there are roots k_ = ×t +iyt

and k, = _¢, +i_, respectively, lying in the upper half-plane (Vt2 >0) near

the real axis. The real and the imaginary parts of these roots are

Wr

1

+____l/a- t _ _14};

| v % _) ;

,( ']'•¢ =-_, _--1+ to'/ '

(25)
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where

I/( 0'r T, 0,:= :__,/ +12T; e,=W

Taking the corresponding residues, we find

(°) °._.( oo,,,T-_ c'_k,I7-,,E (x) = i + A_ + A, _ ;
G

cos k_ _ cos _, _-
a °

Q=--_IE0I 2Im 1 +AI_+ 4t

where

'{ i'(A, V 1_-_, _ I 0 +=- -3/+ w,

m.l',.c,,r., o,
I

/'_ l_ e _._

, (,_o,,iT.

(26)

(27)

For x =0 and x = a we see from (26) that the field E is different from E0.

This difference, as in the case of the _, resonm ce, is attributable to the

omission of the line integral and the simplifieat ons adopted in the calcula-

tion of the poles of the integrands. In particular, in the derivation of

T, mt " ( -- £_'1(26) and (27) we neglected all quantities of the o _der of T_; m-_-' l c0' ]"

(r. _v.
For points located at distances greater than I_ dl!-_,I_. from the wall,

the last term in (26) may be neglected in compa.-ison with the second term

and the line integral (19).

When deriving (26), we neglected the line integral, which is permitted

only for x_-_, a--x--,<_. Elsewhere, the integral /,cannot be neglected.

The electric field in this case is determined frcm (20). In(27) we only

considered the contribution of the residues and iropped the term connected

•with integration along the line 1, having the ord_.r of odt IE0[amax 1, m,T_ /"

Expression (27) for the electric energy losses iI a plasma therefore applies

to cases when this term is indeed negligible, lJ furthermore appears that

the imaginary parts of the coefficients A_ and As are invariably negligible.

Let us consider some examples.

Ifv"'=O' and the inequalities ( l- _"/<<l//-_;e,,V_ (_),mr,',',<<_7 -Cd' (T,)'/"

are satisfied, the energy losses Q are given by

O=_l/'_lE°t '(m'l'''{T'l"_m,_ _,_,, '
cos x,° + I + v:_a*

2

(28)
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where
_, =__,IT, I''' , _ _, I"':_"

dr ( rz / v'The line integral can be neglected when -_ ((_ y_,j . From (28) it follows

that in the low-frequency region, as well as for c0 = _,, resonance may

occur at xl_2n+_l_. In case of resonance,
a

V/- (6_ 21Eol, _ mt_'/'[Tel %
Q# = ,,.tz_ _ I \ 3T,] "

(29)

If v,,,=O. V dt o,and -_- << _ the losses_ _<< _

d_ [3Te_'/' (30)

The line integral is clearly negligible in this case also.

Let us consider the region of acoustic frequencies0_ << _.

If T, >> T_, the equation K+ (k)= 1 has a root lying near the real axis.

Neglecting interparticle collisions, we can easily find an expression for

this root:

-- _- " T _1' - _1

:+(:) ")1.
The root of the equation K- (k) = 1 is located on the imaginary axis,

_' • it is not far from the real axis, and the residue at this
k=ks=i V_d_'

1 1
root in the expression fore is therefore negligible forx>>y_, a--x>>[_l.

The purely imaginary root obviously has no influence on the expression

for Q, either.

Taking the residue at the pole (31), we obtain

E=--Eo°_(l+A m` . ---_ . ; (32)

¢l

tgk -_-
a_ 3

Q = _ IEoP Im A '---E-' (33)

where

-- _It -- Te

•,/ ,/m.-_3 :r'le _"1

Note that in (32), (33) the imaginary part of the coefficient A can be

neglected. In calculation of losses, the imaginary part of A is substantial

only for small a (t k la _ l). But in this case the line integral

_o a o::ax(o
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cannot be neglected either.

Expression (32) applies only near the walls in a layer whose thickness

I is of the order of v--c_ Outside this layer, the integral along the line /

must be taken into consideration. For x =0 ard x =a. E :_ E0; this difference,

as previously, is attributable to the approximate calculation of the poles

of the integrands and to the omission of the re_,,idue at k2, whose influence

I l

is felt for x < _ and (a--x) < Ik_'_,"

Let us consider some particular cases.

If a2/ %- _; a((%--, then

Te

Q=_V _--) (V n-_-_'-? T,_.) e ,,,a,' (34)
, cos×a+ I +

where

Vim i

T¢

_ __ / r,\ '/'-_

2n-+- I

At resonance points x = _,

,-- _ Te 1

I 2 Eo? _-TfiET_.'Q= 1
v, then

If the layer thickness a>> --_-,

(35)

(36)
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V.F.AleksinandK.N.Stepanov

EXCITATIONOFELECTROMAGNETICWAVESINA
PLASMABYEXTERNALCURRENTS

Excitationof electromagneticwavesin a plasmabyexternalelectric
currentsis of interestin connectionwithproblemsof high-frequencyplasma
heatingandplasmadiagnostics,andalsoin thestudyof thepassageof
chargedparticlesthroughplasma.

Theexcitationof magnetohydrodynamicwavesin a plasmabyexternal
currentswasinvestigatedin /1/ in the hydromagnetic approximation (see

also /2/). Wave excitation on the basis of the two-fluid plasma theory,

neglecting the thermal motion of electrons and ions, was dealt with in

/3-7, 13/. The foregoing papers studied in detail the various means for

the excitation of waves in a plasma by external currents (surface current

perpendicular to the external magnetic field /1-3,6,7/, ring current flowing

in a perpendicular plane /3/, modulated line current /7/, etc.).

In the present paper we investigate the excitation of electromagnetic

waves in an unbounded magnetoactive plasma by external currents utilizing

the kinetic-theoretical approach. General expressions are derived for the

fields set up by these currents in the plasma, and an expression for energy

losses. The excitation of waves by azimuthal and axial currents modulated

in the direction of the external magnetic field is treated in detail. In

particular, the case of electron and ion cyclotron resonance and of "hybrid"

resonances near which the thermal motion of the plasma electrons and

ions cannot be neglected is considered.

Electromagnetic fields and energy losses

The electric E and the magnetic H fields set up in a plasma by external

electric currents of density j(r. 0 are determined from Maxwell's equations,

which have the following form for the Fourier-components E (k. _) and H (k co):

4_
r,,e, = -- _- h; It = n L_EI, (1)

whe re

kc _" k
n = -_-- ; =T;

r,_ = n _ (×z×, -- 6zk) + ez,. (2)

The Fourier-components are defined as

(r, t) = _'q_ (k, o_)e' _"--°"'dkd_.qp
J3

(a)

The permittivity tensor e_ of a plasma in the presence ot an external

magnetic field H0 is given by /8/

ei_ = a,5i_ + bxlxk + ch,hj, 4- dea.h , +

+ e (×z [×_h]_ -- ×,_ [×_h]z) q- t l-_hl,I_hb, (4)
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where h is the unit vector along the external magr etic field. The coefficients

a, b, c .... are functions of h_ = (k h) and k± = I/_}_ . The expressions for

the coefficients a, b, c .... in the case of a Maxw_llian velocity distribution

of the plasma particles are given in /8/.

From (4)

4:ti

El = -- -VffuM_. (5)

He re

D = det (T,,); (6)

u,_ = u,6_ + u,×,xk + u3h_hk + u,%k,h, + u_ (_ _hh -- ×k [_h],) +

+ -, _,j, I_hJ.4-.. (_,h,+ ..h,)+ .. (h,_h].-- h._hl,), (V)
where

u, = (a -- n') (a + b q- c) -4-u_. If (a -+-b -k-c) -k-c (b + n') -- 2de -- e2l;

u, = (n 2-- a -- c) (b q- n_) 4- 2de -- xl (,' 4- b[ 4- nff);

u, = d' -- (a -+.b)c -- _Icf
u, = -- d (a 4- b + c "k-xift;

u,= --d (n'+ b + [)--e(a+ c --ng;

u, = e (2d -- e) -- [ (a 4- b + c);

uT = u H(bc + n2c -- de);

Us = u II(ec + fd);

.__ k± V 1 - - x_,gin---- ; g±=-'_- =

Substituting (5) in (3), we obtain for the electric field strength

e,(_, ,)= i]_,,(_-_', t-,')i,(_'. ,')d_'dt', (8)

where Green's function Glk (r. t) is defined by

i

G,a(r, t) =-- _--_ _ _DU" e, (b,r...mt) ,fkd,. (9)

Seeing that D, u,, u, .... are functions of k., k,, an( _ only, we conveniently

introduce a cylindrical system of coordinates r := (rx, _, z ) and expand the

current density j (r, t) into a series

I (r, t) = _ /"_e_'. ( 1O)

n a.=_

Expression (8) in this case takes the form

i )q("'e"'("-_'-_t-t')+"*k3dk±dk ,_r'zdr'_dz'dt'dca, ( 11 )E (r, t) = --
.=--a, v

where J.(x)is Bessel's function;

q_") _"_'("'- (12)
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a._l rir__k+ a_")hlh, q-

+ a_n_etk,h, + ain_ Irhl, 1_| k _-
4

"q-a_n) rlh_ q- rknt + a_n) h_ [rhlk -- h_ [rh]t q"
rj. r j_

ht_rI -- hit k
+ a_"' q Irhl_ -- r, [rhl_ + a_,_ _ +

r_ r&

q- a_0_ r, [rhl, + r, [rhl, "4-a_ ) a_ Irhl, + h, [rhl_
r__ r.L

The coefficients aJ ") (i = I. 2 ..... 11) are given by

aln_= u_J.(k±rD;

a_"_ = (ut + us) J_ + -_ (u, -- u2)(J.+2 + J.-_) ;

c__ = us + u=x_l+ 2u_×_,+ _ (u6+ u_) J. +

xtl zt z

•at- 4r----_-l (t_ -- u_(Jn+2 + J,_-21 -- ix± (u=x II + uv) -ix (J,_+x-- J,a-O;

qrtl
a 4 _ U4Jn;

a s = _- (ue -I- u_) Jn-- _- (u_ -- u2) (Jn+2-b J,1-2) ;

1
+ J.-2) J_" = ×-LZ [(u_, + u=) J.+ _ (u. -- u_)(J.+2 -_

-- 2-_"z

lx±

+ "-U" (u=x, + uO (J.,+l -- J,,-l);

r---_ _ (U,_Xrl-1- us) (J.+l -- Jn-O;

4 °_= x3_ud.;

a_ _ = _ × (u_×_1+ u,)(Sn+,+ Jn-,);

= -- W×.L (u_ -- u,.)(J,,+_-- J..,__);

ix_z ×j_

a]] ) = _ (us -- u=) (J.+_ -- J.-_) + _- (u_× _ + uT) (J.+I 4- J_-_);

Jn =-- Jn(k Lr__).

(13)

(14)

Applying Maxwell's equations, we can easily obtain for H (r, t) expressions

analogous to (8) and (11).

Energy losses per unit time are

Q j'jEdr . r u_ (k. o))=-- =8az_J_/,(--k. o)],(k, o_)e_(=+_'_tdkdo_do_. (15)

In the following we shall apply the expressions for the fields E and H

and the energy losses Q in the case of azimuthal and axia] currents modu-

lated in the direction of the magnetic field with a frequency o and a wave

vector kll.

Wave excitation by modulated azimuthal currents

Electric field and energy losses. Let us consider the waves excited in

a plasma by modulated azimuthal currents flowing over a cylindrical surface
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of radius.,

] (r, t) = Jocos (_ i z -- _t) {5(r±-- a, [hrl. ( ] 6)
r±

This current can be created by injecting a modulated electron beam into the

plasma at right angles to the magnetic field /5[.

In virtue of the problem's symmetry, we may set t_ = 0 in (Ii). In the

sum (I0) only the term with n = 1 remains. Fror_ (II) we have

*o

I ' i1 )E(r, t)=_Im e ''kl'''-_'
" 0

where

IIere

r±q (n±) = (ul + XxU,) Jl(n i_Q) -L (U, -- us×'_) J1 (n±o) 7-- --t r

-- i×± (u6× i + us) Jo (n±o) h.

k rlC k±C r±_ a_

n H = _ ; n±= 07; 0=_ ; a=T-

The energy losses per unit time and unit length of the cylinder are

Q= c_ lm @(ux+×_u.)d_{n±a)n±dn± (18)

0

Hydrodynamic approximation. The integrals in (17) and (18) are taken

in the limiting case of a "cold" plasma, when th_ thermalmotionofelectrons

and ion_ can be assumed to have no influence on the radiation and propagation

of electro-magnetic waves.

For a "cold" plasma, the permittivity tensor

e,_ : e18,_ + (ca--et)hih_ + ie2e..h. (19)

where e_,e: and e:_are independent onk. In case ,)f high-frequency (electron)

os(" il lat ions

et _ I ,o {toz --t_j ± 2i_v) '

_2 = _ (_2 _ co_¢ + 2±coy) ; ea = 1 _ {_ + i'o) '

where .q = .% = ( 4_n__ 0 % is the electron plasma fr_ quency, _n = -- o_ = 7_- the

electron gyrofrequency, no the electron numbe "density, v=l/-g_e'"°;_the

effective collision frequency of electrons and ioas. In the low-frequency

region, the motion of ions emnot be neglected. Neglecting the interparticle

collisions, we have for the permittivity

_ = 1 -- o,_'_ _'_ : e_ ,, {w2 _ {,)_),

_s= I- V _ (21)
z__ _-'
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whereQ_istheplasmafrequencyof particlesof thespeciesa; _a their

gyrofrequency (the sign of _ais the sign of the charge of the particle a).

Applying (6),(7), and (19), we find

u_+ ×_u, = (_ - n_)_, - _n_.;
., - ,,_,__= i_,(,_' - _,); (2 2)

x< (us× tl + us) = -- ie_n tln±;

+ _, (el-- eD.

The equation D= 0 gives the "transverse" refractive index n± as a

function of e_,e2, e3, and the "longitudinal " " refractive indexn,:

n_= _[(_, + _) (_ -- n_) -- _;+

4- V fie, + e:O(ei -- n],) -- e_]:' -- 4e,e,_[_n]l -- eL)' -- e_]}. ( 2 3)

If interpartiele collisions are neglected, propagation and also radiation

of waves is permitted only for those el, e2, e_ and n whenn] is a positive

real number. The number of waves propagating in the high-frequency

region, where the motion of ions can be neglected, is given in the third

column of the table for different combinations of the parameters v =--

¢011
u= and n_,. The first column lists the different regions of variation

of uand _,, as indicated in Figures 1 and 2. The second column defines the

range ofn_;. The parameters n, and n_are given by the expressions

p

=_u(u_-_v--l_l).

_- -_ Ran,z_ ot Number _ -_ Range of Number

= n_l ,E [ nl

0< nil < n 2 nil<n + or nil>n_ 1

l n nll < n÷ 1 VII "_.l. < n I < n_ 2

n_l >n+ 0 I n+<n, <n+ I 0

%,:n+ or ntl>n_ 1

II nnllll >' n+n+ 01 VIII n+ < nil < n 0

2

111 1

n II < n+

nil > n_

IV n II < n+ l

n _1 > n+ 0

V O<nll <_ 0

Vl
n II < n+

n+ < n i[ < n

n_>n_

nll<n + or nd>n - 1

IX n.+<ntl _: - 2I Z_<n, 0

X n U < n+ 1

n n > n+ 0

n g < n+

Xl n+ < n II < n

nll>n
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Choosing n/so that Im n/>O, we obtain for the electric field

E = _ E_/>,
/=1,2

where Ec/_is the electric field ofthej-thnorma] mode:

r I {_)} et(k g s---_O+ ie, (n_ -- ca) _ [z(Q) + eln I_n/hfo

Here the functions f0._ are defined by

r_ (0) = I Jl (nla) H_t) (nio) for 0 > a,
I Jk (nlq) HI u (nla) for 0 < a,

where H_(x) is Hankel's function of the first kind.

V

, I
I'"

N

I r

1 2 3 u

FIGURE 1.

/O-- - l

- ¢_ ""_ _" _
1_ v. i

0 " •I 5 IO

FIGURE 2.

--7

(24)

(24')

(25)

The energy expended in the radiation of the i-thmode in unit time per

unit current length is

Q(i_ 2n_f_°a'°a(--1)/ Re es(e_--n_'li)--e_n Jl(nia)H_'_(nia) (26)
c, _, inT_ ._

Hence it follows that if waves cannot propagat_ (n_<" 0 or n_ is a complex

number), then in the absence of interparticle :ollisions Q_I_=O, whereas

if n_>O, expression (26) in the absence of intelparticle collisions takes

the form

Qm 2_,/1a,_ __ t)r ,,ce,- n'u>- _,z_ J_(nja) (26')

Electron cyclotron resonance. When the fr*_quency _ approaches the

electron gyrofrequency, the cyclotron damping: of the waves in the plasma

is enhanced. The skew-Hermitian part of the tensor e_, conditioned by
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cyclotron absorption becomes of the same order of magnitude as the

<o-- <ot_ T1//Te

Hermitian part when zl _<l, wherev,= V m is the electron thermal

velocity, providing the plasma is fairly dense (---_ _ 1] However, for
\ °_HkIIvr ! °

n_, _ 1, cyclotron absorption hardly influences the propagation of electro-

(" )magnetic waves in a dense plasma _--_15 >) I , even with Iz, l_l ]9/. The

radiation intensity is determined, as before, by formula (26), setting

-- O/qo

If now n,>>l, one of the radiated waves is strongly absorbed:

• (kU6,)s ]' c-/

where 6 = " fi_n is the depth of the anomalous skin effect;

( ;02i
w(z) = e-z' I +-_ et' d a complex probability integral. Applying (27), we

0

obtain for the energy expended in the radiation of the highly damped wave

Q 2n'1_a'<oe3 o, (28)Im dl(n±a) HI (n±a).
cJn2_

where Im n± >0.

If _<onand [z,l-._<I, the energy is absorbed over a distance Iof the

order of l _ (k,6,)'/,for kL16,_ 1 and I _ c (klt6,)sfor kl16,._< i. If now
°H <°H

£

c for k_6_ _ 1 and l _ -h-(kw6,)",Q:> ¢0,, and ]z, [_ 1, the penetration depth l _ -h-

for kii6,_,_ 1.

Ion cyclotron resonance. For ¢0 --+ o,, we obtain from (26) for a dense

plasma with le_/>> [8, / _ [esl,

2_,_:<o.l; In:), (2 9)Q=--w-

where

n__ (e' -- n_r)'-- e; >0. (30)
81 -- tl_

This result has been previously derived in [5].

Expression (29) applies only in the case of a "cold" plasma, where the

cyclotron damping due to the ion thermal motion is small, forlz_l_>l, where

z_ V-_v,; v_--, , being the ion mean thermal velocity. If this inequality

is not satisfied, but H02 >>8 _noT_, the permittivity tensor e,k retains its

previous form (19), where

_1=i _-. ; el =i_' " '
%kit v_ 4<o_ <o_,iv, 4 <o_' (31)

'2m._ o
_., = _z_(t +i'K;'ZoW(Zo)), zo=

meO)i [/t"_'_k II Oe
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Seeingthatin a denseplasmale3[)21ed=ie2i,weobtainfor theelectric
field with_ _ co,

2,,t2joato Reei(kll z_t0t) __
E -- _ r__ -F rl' ' r'-'_ ft (O), ( 3 2)

81 --

where /1(0 is defined by (25). The index n/ enter ng (25) is found in this

case from (30), where eland e2are substituted fr(,m (31).

The. energy losses for (5 _ 0),

2_;Jl'-a,.to

Q = c':._- Re J, (n _) ttl')(nxe). (33)

ForJz_l>>l, this formula reduces to (29).

Let us consider the "transverse" refractive il dex (30) for lz, i _ 1 in

some particular cases. If n_i _,eli, then In_l=n_l n'l-2_' n_,and the electro-
£I -- t'l_l

magnetic field penetrates into the plasma to a di_;tance of the order of

('_/,"-_ t?2,%:v')'/, For n_,'_'_le, l(k,b, "1), the presence of a plasma hardly6, = ]

'-2- since n_ = --n}(l- __)_influences the field distribution in the region r << %,

_--n2,1. If now n_l << le_l, then n_ = _-_-_--2n_,. For _i > 2n_l a weakly damped

wave is excited in plasma, circularly polarized n a sense opposite to the

sense of rotation of the ions.

Wave excitation by axial currents

Electric field and energy losses. Let us consider the excitation of

waves in a plasma by a cylindrical current flowil g along the magnetic field

with a density

j = J_coslkjz--_t)h (34)

for • Qa and] ==0 for • >a(j0 being the total curIent strength). For a-_0,
we have a linear current

I

J = Jocos (k-z -- o_f) b (rL) _ _.

The excitation of waves by the current (34) is relevant to the problem of

interaction of a modulated beam of electrons (or ions) traversing a plasma

in the direction of the magnetic field.

Applying (34), we obtain from (11)

where

E(r, t)=4J°a_oa' lm e_l* tlz--_t' (U_ _T..z +ullhrl r__ + UUh%_ ),

= _ -ff - tx±tu_×! + u_ldna.;
0

U l.=!Jl(n-_"_l(r_l_)ixj_(u.x,+u,,dnl_

U 1 = i Jl inca) Jo(nj_ 1_)

0

(35)
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Energylossesperunit currentlengthin unit time
J_ ln±a)

Q = lm I"-- _or7 _ _ (ut + u3 + u_×]I _ 2u,×lb)dn ±. (36)
o

Hydrodynamic approximation. Applying (19), we obtain on hydrodynamic

apprux imation

[,tl .

r 1,2

0', _1 are _iven by

- _[1 I ll_ -- Ili_) _1 (Q) l'.'I(l/l] ] ;

L'¢t __ m(-- 1)[-'e_n_ln I /I(Q);

2ca In I - ,,_1

( ..... m,- 1,' '_"d: --_,"_ _ "?, --_,)'--e:l [ 2_la--_)]

where el,r_= 0 forx<O andv(x)= 1 for x>O.

The r_l(liation intensity (26)

(37)

where

<...,[i- a, t,z_i-- n_)"_ . J,(em,) H_" (,m,) --

"2
_, ] (38)

The "transverse" refractive indices n_ entering (37) and (38) are determined

from (23).

If the propagating waves (n_>O) are not damped.

O_,, ='2_"1_'". .I -1/I¢,,_, - e,ln__ _ I ("_l,m- e,): - e-_l......... 4]_ lan)_ (39)

If nowny/0 orn_ is a complex number, thenQr¢_=0 in the absence of dissipa-

t ion.

In the particular case ._/_ 1, formula (39) gives the energy losses of a

linear current.

High-frequency "hybrid" resonance. The radiation intensity of a linear

current sharply increases if the radiation frequency approaches the "hybrid"

frequc,ncy_,, = @+,_(_the frequency of plasma oscillations propagating

at right angles to the magnetic field). Since in this case _,_ 0, one of the

refractive indices (19) (]=2, extraordinary wave) has a singularity

n_=- (_ rn_,l.v (40)
l--u--v +co

(the ordinary wave, ]= 1, has no singularities ato) :::0h).

in this case is simplified:

Q = 2c_ (u + v - l) ' a_._

]'xpression (39)

(4_)
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Expression (41) was derived for the case of a linear current by A.N.

Kondratenko ]7/. From (41) we see that as to-do, the radiation intensity

of the linear current increases as (0h--(0)-% H,_wever, when n2becomes

excessively large (an,>>l), the losses approach zero as ]/-_,-- _.

Collisions and thermal motion of the plasma electrons restrict the

value of n2 at _ =(_t. Introducing interparticle collisions, we obtain at to _ m,

Q = "zl°°_n" - Re IJt(an,)Hi l)(andl, (42)
c_: (1 + n_r}

where

'_ (I + n',)u+, ;
o v I+u

el = I -- FK"_ q" i_-. i--u"

Let us consider the effect of the electron th,_rmal motion on the radiation

of waves at_ _ mr. When the electron thermal motion is taken into consider-

ation, the refractive indices of the extraordinary wave remain finite at

=_and furthermore a third normal mode arises (a plasma wave). Setting

[_n_ (< 1; _an_l _% 1; [_Zn_l <.<kl- 4 u [; [_'n_ <<ll--ul, where 1_ = _ is the ratio of
£

the electron thermal velocity to the velocity of light, we find

n_ 2.o(1+n_l)
i/_ tp± (x). (43)

where

_+ (x) = h (x =1=_ A); A = sg:a (1 -- 4u);

l--u--o 12[_v_u( 1 q-n_ I)
X_ --" _ -- . (44)

The function_+(x) is plotted in Figure 3 (for _=-1) and Figure 4 (A= 1).

We see that for h = 1 a single mode propagates (extraordinary wave), while

for _ = -1 there are the plasma wave and the e_traordinary wave. For x>> 1,

one of the refractive indices (42) reduces to (4qt), while for the second we

have ]10[

-2

FIGURE 3,

n2 (I--4u}(l.... ) (45)
3]_'v

f

4

9

3

l

0 I 2 x

FIGURE 4.
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Applying (42), we obtain expression (35) for the electric field of the

extraordinary and the plasma waves with Ua =U_ _, where

The radiation intensity for propagating waves (n_ >0) is given by

Q(JI= _fo_n_, 0 - 4_)(-- W-' 4_(ani) (46)

1

As it follows from (43), for _.ll--u--vl, n_ _, and for the linear

current (¢, <l/_) the losses are of the order ofQ_ _, where Q0 denotes the

losses at the frequency _0,, in the absence of resonance.

\Vaves with a very large refractive index (45) are weakly radiated,

provided that the current scale a is not too small, since J_ (,lnl)-- 0 as ani-- _.

Note that for h = -1 the intensity of radiation of extraordinary and plasma

1

waves tends to infinity as _ forx -- 1 (at the point x= 1 the phase

velocities of these waves are equal). In this region, the dissipation of

wave energy in c._llisions cannot be neglected. Introducing collisons, we

obtain for (4 6)

Q(j__ 2_i_,_i(i- 4,/)(-J)J J,(_i)H_'(_'?-
3c2_' Re n'n'-n' (47)

j(, :)

Ileren,, are determined from (43), where we set

v

l--u--v-_--(l +u)

X_

ga-

Excitation of longitudinal plasma oscillations in conditions of multiple

cyclotron resonance. If the "hybrid " frequency 0h =V'-_÷ 0_ is close to

%m, then in conditions of double resonance, 0J =_L_2ea, intense

cyclotron damping of the extraordinary wave is observed, and furthermore

the plasma wave is also highly damped /10] (the refractive index of the

ordinary wave has no sin_mlarities at _,_--_ 0_ ----20_,_). The refractive indices

o_ the highly damped waves, cyclotron damping included, have the form

4(u + v-- I) 4- _16(u + v-- I)'-- 9i_,(I +n_,)
n, = (48)

i 6,_,

whe re
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We see from (48) and (48') that forLz21_ I andlt,+v--II_'_,Renj_Im nj_ _._.

For iz_]>>l,cyclotron damping is exponentially small. Formula (48) then

reduces to (43).

The intensity of radiation per unit current length {n unit time, making

use of (48), is
2

Q(;, 2.j_n_(--I)jReg_Can_)s',"I.,)- V.i-

For}z,l>>l, formula (49) reduces to (46).

Excitation of longitudinal plasma oscillations. Let us consider the

radiation of electromagnetic waves for n11>.,]. In this case, the refractive

index n_ is also large:

e3 n2

This equality implies that the frequency m is c]ose to one of the natural

frequencies of the longitudinal plasma oscillations in a magnetic field,

_ or __, where

tg20 = _

Radiation is clearly permitted (n_>O) ifu>l v>l (regions VII-XI in

Figure 2, the /= 1 mode), or ifu<l, u<l, andu +v> 1 (regionIII in Figure l,

the ] = 2 mode). The intensity of radiation

= _ _--_J_(_,,,). (50)

In the case of a linear current, the losses are proportional to n2i.

Low-frequency hybrid resonance. Let us ilwestigate the radiation of

waves near the low-frequency hybrid resonanc._. The refractive index (23)

is infinite for e, = 0. The equation e,= 0 is solv _ble not only in the high-

frequency region ((0 : _h), but in the low-freque my region as well(_ = 0_2)

] 11/. Here

,4 = ,d +, _ ,_, ( 5l)

where _, o_,2
wave is

If (,_-- _,.:, then for n_,., le, [ the re 'ractive index of the ordinary

_ + _n_l ( 5 2)

(the refractive index of the extraordinary wave displays no singularities

at 0_ - _..). The radiation intensity of a wave w th a refractive index (52)

is given by (_1).

Expression (52) applies only for frequencie_ ¢,,which are not too close

to_:, when the thermal motion of the plasma eectrons and ions can be

neglected. If the thermal motion is taken into consideration, the refractive

index of the plasma remains finite at _, - ,,_ an¢ a third normal mode arises

lO0



r T

(the plasma wave). Setting I_,n,<<l; _rn__-_<< 1; I_en,<< 1, where p, = ]/ talc2 J

we obtain for T_ )) T, the following expression for the refractive indices of

the ordinary and the p]asma waves:

rli = V 3_fa_ I_ I % (X) sgn g,

where q_i is defined by (44) with a = sgn _(n]le3 +e]j,

(l+ w)(o),--o_)w_
X_

(¢o2 -- a}_)((9_ -- 4(0_)

(53)

(54)

(55)

We see from (55) that for T, _ T_ the electron thermal motion is significant

only whence _ t/_i[_,l. This is observed in a dense plasma, with w _ 1.

The intensity of radiation of the ordinary and the plasma waves at _ _ a_

is given by

Qq,= 2m_n_!_(--I)/-' J_(an/_.__ (56)
3c2B2_2_ In z __ n_

rt" tn • I 2" {_2/l]

It follows from (56) that the resonance energy losses (to _ ,,,,} are higher
for a linear current.
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S. S. Kalmykova and V. I.Kurilko

DIFFRACTION OF A SURFACE WAVE ON AN IDEALLY

CONDUCTING WEDGE

Consider the quarter-space x>0, z >0 filled with an anisotropic dielectric

(e, = e±, e_ = ell) and having a common boundary with an ideally conducting

rectangular wedge (x>0, z<0). A surface wave propagates along the

surface of the dielectric travelling from z>0; tee wave field in the plane

x= 0 varies as exp [ -- t (0_ + _,z)] and the wave ve :tot y is determined by the

dispersion equation

-_,,v= 8; (i)

v(t) =(t'-k,)v'; I_(t)= l'-U[-_-(t'--k,_.)1'/',

ca)

where e I <0; ez> I; k,<y,<k'e±; k= T.

We shah determine the field scattered by the wedge and, in particular,

the amplitude of the reflected surface wave. T}e scattered fields are

sought as superpositions of plane waves, each s _tisfying Maxwell's equations

]1/. For example, we seek the field H_in the f)rm

dth(t)exp[itz-t-v(Oxl, x<O, --co <z<_;

n, = (2)+=

_ dtH (t) e×p [itz -- [_(t) xlo x > (, <_z < _,0

where h (t) and H (t) are unknown functions to be 'ound from the boundary

conditions. By way of boundary conditions we assume that the tangential

components of the scattered fields are all equal at the surface of the
dielectric and that the tangential components of the total fields vanish

at the surface of the ideally conducting wedge:

H_(x>O)=H_(x<O) Ix=0 ' z>0;
E, ix > 0) = E, (x < 0) [

E,+_expiiyz)=0. x=0, z<0; (3)

Ex+k-_xexp(--gx)=0, x>0. z=Z g=l_(y).

Applying Rapoport's lemma /2/, we find frown boundary conditions (3)

the following relations for the unknown function_, h (t) and H (0 :

H (t) -- h (t) = q_+(t):

Z+ (t) H (t) + Z_ (t) h (t) = _+ _t);

Z_ (t) h (t) -- z,
2a_tt + y} = _- t);

H (t) -- H (-- t) = 6 (t -- V)-- 6 (t + ,/);

_(t) . v(t)
Z+(t)=TU (, Z_(t)=_--; Zo:-Z_(_),

(4)
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where the superscripts + and - imply that the correspondin F functions are

analytical respectively in the upper and the lowerhalf-planes of the complex

variable t.

Eliminating h(t) and H(t) from (4), we obtain an equation for the function

l t

_j (t) = _+ (t) -- _- (t) _tLt* -- _,_' whe re _+(t) =_-(--t):

Aft) 1 -_ _j (t'jdl' 1 1 I _±(t')dt"

-co -+

1 Z0¥ A (t) I I (5)

where

A(t) = ely(t) +_(t)

Since link>0, the coefficient of the singular part in (5) does not vanish

on the integration contour. Therefore, the homogeneous equation corres-

ponding to equation (5) does not have any trivial solutions, and it is thus

equivalent to a single Fredholrn equation /3,4/

T _

Zo ,?t I f v(t')[_(t')+gl--ldt"_±(t)=--7" t2 y2+ a_=' _ A(t')(t'--t) -7
--oo

I v (t') [3(t') dV l _± It") dr" (6)
+ _-T" 2._,_-O_.'_t 0--05) _, ') _"-t'

For lsil!>>l the kernel in equation (6) contains a small parameter and is

therefore soIved by the iterative technique. In the zeroth approximation,

z0 t
t°=-- ._ " o--_,, and the reflection coefficient, according to (3), is zero.

On first approximation we have for the reflection coefficient

I
R" (a/2) = _-Zo li + o(z0)l. (7)

Forl_nI_Z;-*>>l the iterative technique gives [tas an expansion in terms

6
of the parameter _--_Z0 for small tonly (t<kZ_b . For larget, (6) canbe

solved applying the results of ]5]. Equating the terms of equal negative

order in (6) as t _oo, we find

co._t (8)_o (t --,- oo) =
_l (t/k)l--_

I--i

a=7(e±l_l[)-"'; t_kexp[2:X(_x]et t l)v'l •

The corresponding correction to (7) is thus exponentially small.

For a wedge with an angle 0 = 0 (an ideally conducting half-plane z < 0 on

top of ananisotropic half- spacex>0), the analogous reflection coefficient is

_(0) = \_-_\_-4_J 11+O(Zo)l; n_ =_±k',. (9)

The case of an isotropic dielectric (_± =ell =e<0) is treated analogously.

In this case, the reflection coefficients for t%= _r/2 and 0 = 0 differ only in
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the first approximation in Z0:

_ ._ +0(z_)], z0 i_; (10)Ri(_,,2)=_.Zo[l__iZo :: i

r -T'_- _+ 0(z_)]. ( 1i)

It would be interesting to compare expressions 17), (9), and (I0) with

the results obtained when Leontovich's boundary cmditions are applied at

the dielectric surface 111. The corresponding results coincide to within

terms of the order of Z_ with equations (7) and (10), respectively.

Thus despite the presence of a parameter whict is small in comparison

with the skin layer depth 6(the thickness of the transition layer between

the dielectric and the wedge) 111, Leontovich's boundary conditions lead to

a correct expression for the coefficient of reflecti.m from a rectangular

ideally conducting wedge. These results will apparently apply for a wedge

with an angle O _1 also.

Our results may be applied to a plasma in the f)llowing cases:

1. In the presence of a constant magnetic field H_ =Ho, in the low-

frequency region _<(..<_ elf, (Mbeing the mass of the ion). Tlnen e = I J-

+ % ; e, = 1--_. \ ._-; no plasma density; ,lelectron mass;,0H =- L),,I1
_HP.tt m I"

2

2. In the absence of a magnetic field. Then e, i =e± = l %
(,)a •
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V. B. Krasovitskii and V. I. Kurilko

THE ]_FFECT OF RADIATION ON RESONANCE

ACCELERATION OF PARTICLES

The motion of a particle in the field of a plane wave in the presence of

a constant and homogeneous magnetic field has been considered in the linear

/1/ and the nonlinear /2/ approximations. It has been established that in

I(14



the presence of a constant magnetic field H the force fH =(v • H, II-_-) may reach

fairly hi ah values, while in the absence of a magnetic field this force is

e _

small (of the order of ,_. where _, i,_ the wavelength). A particle

movin_ along a constant and homogeneous magnetic field may thus be

aece]ernted by the field of a plane wave, although its electric component

in this direction is zero. This acceleration is a further extension of the

mechanism of field-quadratic forces proposed by V.I. Veksler /3/.

[[owever, the authors of /I,2/ neglected one important point (which

follows directly from equations (5) in /2/), namely the self-resonance

occuring in the absence of radiation. It is the self-resonance, discovered

and investigated in /4,5/, that makes this acceleration mechanism particu-

larly effective.

I.et us consider tb_ effect of radiation on the self-resonance acceleration

of particles. ]'he equations of motion

d. _ ( )

dO 1 ,, e

b _7 = _ (I -- b-) -- :_ sin O; (2)

db _ __ _ub(1 -_ b 2) (3)

(all symb_,l.-; as in /2[).

Setting },=O in (1)-(3), we obtain a set of equations whose solutions for

b = h_, = I andao =,'L, =0 are

g5

I.et u.s investif4ate the effect of radiation on the motion of a particle

(_, ,_: 0). Integrating (3), we obtain for b0- t

I

b = 12 exp (¥ (a'-'ds) -- 1 l- V. (5)

l,'or aS<. N__, from equations (1) and (2), applying 3), we can obtain

an equation for u:
3 I

_z t _"2a' 7iu a'_ --'_- 4,'7_ -a --

I

_ o'." tY - a'Ja- [.It_ a = "fa'a'
(6)

where prime denotes differentiation by s.

We seek a solution of equation (6) in the form

For a'(s) we have

_s gs

a = 5K -- o (s); _i7 ;_>o(s)

,('ee_

o' (s) = iV)[[._ s_ (7)
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Substituting(7) in (2), weobtainanexpressionf.)r thephaseof theparticle
velocityrelativeto thewavefield:

=arccos_(1 2 (8)._o_-_)•

We see from (8) that _} increases with s, and the field-particle resonance
I

i60 T
may be broken. The resonance is sustained if 0<< 1, i.e., s<< ,-_ ; in this

e

case the condition os<< _ is automatically satis_'ied.

The principal effect of radiation thus reduces to the displacement of the

phase of the particle velocity relative to the field, breaking the synchronism.

This sets a limit to the maximal attainable energy. Finding Smax from the

condition _= 1 and applying the expression for m:ergy derived in [5[, we

write
g2 2 _ 8

v4_,,-- _-.,0_.i .... __f_ ,..c, (9)

It is remarkable that ll%_ax does not depend on _}, i.e., on the energy from

E -2

which the acceleration begins. Fore=_---_lO _nd H_2.5.10"lA/m,

we have y =2.5.10 -tt. In this case, Wmax--_2 .103t_oc _, For a plasmoid

of N coherent particles

W_' Wmax
H_ax_ •

IN
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Section Two

PLASMA --BEAM INTERAC TION

A.K. Berezin, G.P.Berezina, L.I. Bolotin,

Yu. M. Lyapkalo, and Ya. B. Fainberg

INTERACTION OF MODULATED HIGH-CURRENT

PULSED ELECTRON BEAMS WITH A PLASMA

IN A LONGITUDINAL MAGNETIC FIELD

It has been shown theoretically /1--3/ and experimentally /4, 5/ that

one of the reasons for the effective interaction of an initially unmodulated

electron beam with a plasma is self-modulation leading to a coherent

plasma--beam interaction. However, since the depth of modulation is

determined by the field of the growing oscillations, and the field strength

depends significantly on the initial perturbation amplitude, which in the

case of initially unmodulated beams is conditioned by the comparatively
small field fluctuations, self-modulation becomes considerable mostly

toward the end of the interaction, when exponential growth raises the field

strength to a substantial level.
The interaction of an electron beam with a plasma can be made much

more effective if the beam has been initially modulated by a high-frequency

field ]3, 6--12/. This is due to the following reasons: the amplitude of

the initial field strengths is much higher than the amplitude of normal field

fluctuations; the external high-frequency field may produce a certain

grouping or bunching of particles in the beam, thus enhancing the coherence

properties. If the modulation is very deep, the plasma--beana system will

eventually settle to a state with oscillations which grow neither in time nor

in space.

The interaction of modulated beams of charged particles with a plasma

can be applied as a means of plasma heating, particle trapping, amplification

and generation of high-frequency oscillations /3/, and also as a tool in the

development of new techniques of charged particle acceleration.

The exponential growth of instability is attributable to the fields resulting

from instability, which enhance the grouping of the particles and this in

turn amplifies the field. Deep modulation at a given frequency corresponds

to a state of limiting grouping, so that further increase of field strength

does not affect the beam, and the fields do not grow. Preliminary

modulation at a certain frequency destroys the grouping of particles at all

other frequencies and thus cuts off a whole spectrum of instabilities. The

excitation of plasma oscillations, however, must not satisfy the coherence

conditionsa _ _-pl, where a is the length of the bunch of particles. To this

end it suffices to take the modulation wavelength _.m equal to a ]2. Although

modulation eliminates the ordinary instabilities, it may lead to instabilities

connected with parametric resonances. But since the width of the para-

metric resonances is small, the inhomogeneities and the interparticle

collisions occurring in real plasmas will damp these instabilities.
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The interaction of a modulated beam with a rlasma depends on the method

of modulation. For example, with klystron r_odulation the bunching of

particles is conditioned by the difference inthe:r velocities. The klystron

technique in some cases will therefore attenuate o1" even suppress the

growth of the instability owing to the large spre td of velocities in the beam.

In our experiments the initial modulation wa,_; produced using a short

helix (L h( Lin, whereL h is the length of the helix, Lia the length of the

plasma interaction space), In this case, klystr.)n or phase grouping could

be imposed depending on the length of the helix. Since no complete

theoretical solution is available for the interact:on of an electron beam

modulated in this way with a plasma, we shall give some tentative

estimates suggesting how the interaction can be made more effective by
means of initial modulation.

In the interaction of an unbounded plasma with a modulated electron

beam where the current density ] varies as

i = 5/oexp {i (o_t -- k_z)},

the maximal strength of the electric field generated in the system is

V I

where 6 is the modulation depth of the electron _eam, vthe collision

frequency /8/. This relation has been derive( for a case when the

temperatures of the beam and the plasma are n_ glected and the beam

current is assumed constant. This means that he reaction of the field

is neglected when considering the behavior of the beam. For a current

density]0 =5A/cm 2, modulation depth 5_0.1, aid collision frequency

= 108 sec -I, we have

E_30 kV/cm.

The interaction of a plasma with an electron be_ rn modulated by a pair of

grids has been considered in /7/. It follows fr(rn this paper that the field

strength in the plasma--beam system is related with the modulating voltage

by the expression

E : Vo ¢°_eVam _

¢0,; _ "_ and y_ n_ ] o0, vhere !/0 is the modulatingon the assumption 1 -- _ _-

voltage, ¢%plasma frequency, omodulation freluency, v0velocity of the

beam, 3'am amplification ratio, y growth increrr ent, n_ beam density, no

plasma density. For a current of 5 A, rnodulat on voltage amplitude ofl00V,

and interaction length of 32 cm, this formula gi,es 6 kV/crn for the field

strength at the end of the system. These numb(rs should be treated as

tentative estimates only, since in our case the raodulation _s produced by

a short helix.
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In the present paper we consider the results of experimental studies of

the interaction of modulated high-current pulsed electron beams with a

plasma in a longitudinal magnetic field. It is shown that under certain

conditions, the initial modulation intensifies the plasma--beam interaction

to a considerable extent. The field of the longitudinal waves excited in the

beam and in the plasma is substantially smaller (approximately l/7) than

the field generated in the absence of modulation. The experimental results

are interpreted.

Equipment

A block-diagram of the experimental equipment is shown in Figure I.

A previously described electron gun /15/ was used as a source of electrons.

An electron beam 10--11 mm in diameter carrying a current of up to 5 A,

50 c/s passed through a modulating helical coupler, a plasma chamber,

and a demodulating helical coupler and hit the collector. High-frequency

oscillations of known frequency and constant power were fed from a special

generator through a coaxial cable to the modulation helix, where the electron

beam entering the plasma chamber acquired its initial modulation. The

helical coupler was also used to set up a pressure gradient from 1.33 .10 -3

to 2.66.10 -I N/rn 2 between the electron gun enclosure and the plasma

chamber. The modulating helical coupler is a system comprising two

helixes wound in opposite directions (the radius of the inner helix _ 0.6 cm,

the radius of the outer helix _ 1.2 cm). One of the helixes was inserted in

a glass tube with i.d. of 13 ram, and the other, shorter helix was fitted

from the outside. The helix parameters were chosen so that the phase

velocity of a wave traveling through the helix was approximately eaual to

the velocity of the electron beam and, hence, to the phase velocity of a

wave propagating in the plasma. The glass tube was coupled to vacuum at

either end.

The external helix was connected to a coaxial cable with an impedance

of 75 ohm. The inner helix was dc-coupled to a "grounded" electrode.

The ends of the glass tube were coated withAquadag. The electrons

impinging on the end surfaces of the glass tube and on the helix thus

escaped to ground. The length of the helical coupler was some 12 cm.

The voltage standing wave ratio (VSWR) at the input of this coupler did not

exceed 2.0 in the range of 650--5000 Mc/s. The beam was initially

modulated at frequencies of 835 and 900 Mc/s, with VSWR--< 1.4. The

standard measurements were made without the eleetronbeam. The VSWR,

however, hardly changes when an electron beam passes through the helix.

Passing through the plasma chamber, the electron beam ionized the

residual gas (air), created a plasma, and interacted with it. The density

of the plasma was measured by a technique based on the properties of

plasma waveguides /13/. For the optimal case of interaction at a pressure

of 2.66.10 -2 N/m 2, the density is 2.101°cm -3 without initial modulation

(5 A, 21 keV electron beam, magnetic field strength 1.03.10 s A/m). The

density of the plasma created by a beam initially modulated at a frequency

of some 835 Mc/s with a power of 600 W was found to be 2.5 .10 I° cm -3.

Having passed through the plasma chamber, the beam entered a

demodulation helix and then hit the collector. In this helix the beam gave
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off its r-f power. Thedesignandthespecificationsof thedemodulation
couplerareentirely analogousto thoseof themodulationhelix, withthe
exceptionof sometechnicaldetails. Thelengthof thesecondcoupler15cm.
Theaxial clearancein thesecondhelicalcouplerwas15mm, andnot
I0.5mmasin thefirst coupler,to allowfor theradial spreadof thebeam
in thesystem. This systemtransmittedto thecollector75--80%of the
total currentof thebeaminteractingwiththeplasma.

Thehigh-frequencyoscillationsinducedin thedemodulationhelixwere
transmittedto a resonancewavemeter,passingthrougha coaxialline with
a 75ohmimpedanceandthroughlockedattenuators.Fromthecrystal

FIGURE2. Oscillogramshowingthevariationofr-f powerintime
(attheoutputoftheplasma-beamsystem):
beamcurrent5A,energy21keY,longitudinalmagneticfield

1.03.105 A/m, modulation frequency 835 Mc/s; scale 1 _sec.

detector at the wavemeter output, the signal was fed to the vertical input

of an oscilloscope. A specimenoscillogram for a 5 A current taken at a

frequency of 835 Mc/s is shown in Figure 2.

The peak r-f power was determined as in the preceding experiments,

using locked attenuators and a calibrated wavemeter with a passband ha]f-

width of 1.5 Mc/s. The wavemeter with a crystal detector was initially

calibrated by means of a standard generator. An oscilloscope and a wide-

band amplifier were connected in parallel at the wavemeter output; the

amplifier was coupled through a cathode follower into an integrating circuit

and an electronic potentiometer EPP-09.

When the frequency of the resonance wavemeter was varied, the potentio-

meter recorded the freauency spectra of the oscillations excited in the

electron beam (frequency-amplitude plots).

Results of measurements

The frequency spectra were recorded for oscillations resulting from

the interaction of a plasma with initially modulated and unmodulated electron
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beams carrying currents of 5, 3.8, and 2.3A. "'he current reaching the

collector was 4, 3 and 2 A, respectively. The (nergy of the beam was

21 keV, strength of longitudinal magnetic field same 1.03 .105 A/m. The

i T
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FIGURE 3. Spectrum of oscillations in an initi_ lly unmodulated

electron beam:

beam current 5 A. beam energy 21 keV. streng:h of longitudinal

magnetic field 10S-105 A/hi. pressurc 266 10 2 N/m2

intensity of the oscillations was the highest for air pressure of _2,66.10-2N/m 2

in the plasma chamber. The spectrum of the oscillations in an initially

unmoduiated electron beam of 5A current at :,he end of the interaction

path is shown in Figure 3.

We see from the graph that peak power is registered at frequencies of

800--840 and 1000--1150 Mc/s. No oscillation,' with frequencies _ 900Mc/s

occur in the spectrum. The maximal specific F_wer of the oscillations

for 5 A current is 120--150 W. The specific t,ower for 3.8 and 2.3 A

currents is 70 and 19 W, respectively. The beam was modulated at

frequencies of 835 and 900 Mc/s. The generatcr operated in the 700--

950Mc/s frequency range, with a power output )f 1--16W in the continuous

mode of operation and 3--600 W in the pulsed mode (pulse length 10 /asec).

In the pulsed mode of operation, the generator was actuated by a special

triggering circuit synchromzed with the pulsed ine feeding the electron

gun. Initial modulation at a frequency of 900 M',/s gave a spectrum which
contained the oscillations of an unmodulated beam {800--840 and 1000--1150

Me/s), as well as oscillations with a frequency of 900 Mc/s and a specific

power equal to 1/2--1/2.5 of the initial modulat on power. For example,

with 600,W modulation power, the modulation-f:'equency oscillations

(900 Me/s) registered at the output had a power of 300 W. The frequency

spectrum of oscillations in a beam with a 5 A mLrrent modulated at a

frequency of 900 Mc/s is shown in Figure 4.

For initial modulation at 835 Mc/s, the plasma--beam system acts as

an amplifier: amplified signals of considerable intensity are registered
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FIGURE 5. Spectrum of oscillations in an electron I)eali1 modulated at

835 Mc/s (other parameters as in Figure ,3).
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at its output (with a pass halfwidth of 8--10 Mc/s). The frequency spectrum

of oscillations in a beam with a 5 A current modt lated at 835 Mc/s is shown

in Figure 5.

Comparing the spectra of modulated and initially unmodulated beams

(Figures 3 and 5), we see that modulation suppresses oscillations in a

broad frequency band. The power of the oscillat_ons generated at the

Pout,w ,/

27rDJ r ,

2 _OJ /

Z8I0J I ,

t.6-I0: _ /
1._.tO_

8.10 2 _

6 '0_ "_ ,_] _ "'---

0 2 I, 6 8 fO tZ f_ f6pin, w

FIGURE 6. Power of high-frequency

oscillatLons at the output of the plasma-

beam system as a function of modulation

power for various currents :
,_ 5 A, • 3.8 A, _ g.:_ A; modulation

frequency 835 Mc/s.
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FIGURE "; Power of high frequency

oscillatioas at the output of the plasma

beam sys em as a function of modulation

power fol various currents:
o 5 A, • 3.8 A, ._,2.3 A; modulation

frequenc} 835 Mc/_; [] the second

harmonic (16'70 Mc/s) for 5 A current.

modulation frequency 835 Mc/s, however, is considerably amplified (from

120--150 W in unmodulated beams to 8 kW for modulation with 800 W power).

Figures 6 and 7 give the peak output power of the amplified oscillations

as a function of the initial modulation power (1 to 600 W) at a frequency of

835 Mc/s for currents of 5, 3.8, and 2.3 A. Ideztical results were obtained

for continuous and pulsed operation of the generator, and all the experimental

points closely fit the corresponding curves. Hence it follows that the

running mode of the generator does not influence the results.

We see from the graphs (Figures 6 and 7) that the amplification of the

plasma--beam system increases with the curr(nt of the beam. By

amplification in this case we mean the ratio of the r-f power at the output

to the power of the modulating signal. The ampl fication for a system

length of 40 cm is equal to 12, 19, and 26db for currents of 2.3, 3.8, and

5 A, respectively. The amplification of the plasma--beam system falls

off with increasing modulation power. It decreases from 26db for 5A

current with modulation signals of a few watt to ]ldb with 600W modulation
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(for the same interaction length). For a 2.3 A current, the amplification

is 12 db for low-power modulation (a few watt), reaehing saturation at

500--600 W input.

The electric fields in the beam resulting from its interaction with the

plasma were determined at the end of the interaction path. Since the phase

velocity of the wave is approximately equal to the velocity of the beam and,

hence, to the phase velocity of the wave propagating in the demodu]ation

helix, and since there is no dispersion in the frequency range being

considered, we can find the r-f electric field in the beam from the relation

where P is the flux of r-f energy transported by the electron beam,

erg/cm2; Ethe electric field strength, V/cm; vthe phase velocity of the

wave in the beam, cm/sec.

Our measurements show that the electric field of the longitudinal charge--

density wave at the end of the interaction path is approximately equal to

0.45 kV/cm for an initially unmodulated electron beam and 3.2 kV/cm for

a modulated beam (600 W modulation power, 5 A current). Initial

modulation of the electron beam thus enhanced the electric field of the

longitudinal charge--density wave approximately by a factor of 7.

We see from the graph in Figure 5 that for initial modulation at 835 Mc/s,

overtones of the modulation frequency, as well as the fundamental harmonie,

are observed; none of these overtones appear in the frequency spectra of

the modulating generator and the initially unmodulated beam. Figure 5

shows the plot of the second harmonic (1670 Mc/s). The power of this

overtone increases with the modulation power. For 600 W modulation

power, the power of the second harmonic at the end of the interaction path

is 180 W.

Six harmonics (including the fundamental frequency) were recorded in

our experiments. The table li3ts the power of the first six harmonics for

No, otharmonic Frequency, Mc/s Peak power, W

8:_5

1670

2505

3340

417.5

5010

8,10 a

180

'7

0.2
10 -3

10 -4

a beam with 5 A current and 600 W modulation power. We see from the

table that the amplitudes decrease from one harmonic to the next higher one.

The axial distribution of the E,-component of the r-f field in the plasma

was measured. The block-diagram of the equipment is shown in Figure 8.

Reflection at the ends of the plasma chamber was avoided by providing a

graphite cone which acted as an adiabatic absorbing load for waves

propagating in the plasma. This cone also served as a current collector.

A coaxial cable with a half-wavelength dipole was moved along the axis,

measuring the E, -component of the r-f field,
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Thegraphsof theaxialdistributionof theE z-component of the r-f field

for various modulation powers (50, 80, 350 W) and constant beam current

(5 A) are given in Figure 9.

The axial distribution of the E,-component of the r-f field for various

beam currents (2.3, 3.8, and 5 A) and constant modulation power (600 W)

is shown in Figure 10.

From these graphs we can calculate the amplification ratio for various

beam currents and modulation powers. For 50 W modulation power, the
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FIGURE !t. Axial distribution of tlleE z-component of tile r-f field in a plasxlla for various
modulation powers and constant beam current (5 A):

modulation frequency 835 Me/s; a) 50 W; b) 80 W; c) 350 W.
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FIGURE 10. Axial distributtoo of theE,-component of the r-f field in a plasma for various
bean] currents and constant modulation power (600 W):

modulation frequency 835 Mc/s; a) 23 A; b) 3.8 A; c) g A.

amplification ratio is 0.08 cm -1, and for 600 W modulation power it is

0.13 em -1 (5 A current). For 600 W modulation power and currents of 5,

3.8, and 2.3 A, the amplification ratio is 0.13, 0.9, and 0.06 cm -l,

respectively.

The amplification ratio thus sharply increases with beam current and

r-f modulation power.

It follows from our experiments that the interaction of a modulated

electron beam with a plasma is more effective than the interaction of an
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initially unmodulated beam. In other words, a modulated electron beam

passing through a plasma gives off a higher proportion of its energy than

an initially unmodulated beam does.

To confirm this conclusion, a high-sensitivity calorimeter was applied

to measure the mean energy of a 5 A, 21 keV electron beam passing through

the demodulation helix; measurements were made for initially unmodulated

beams and beams modulated at 835 Me/s with a power of 600 W.

The block-diagram of the equipment is shown in Figure 11. The mean

energy of the electron beam was measured with a calorimeter to within

±1--1.5%. The calorimeter was provided at the end of the interaction path.

The variation of the energy of a modulated beam was determined from these

measurements. The energy loss of a modulated electron beam was 7±3%

higher than the energy loss of an initially unmodulated beam under identical

conditions (beam current 5 A, energy 21 keV, longitudinal magnetic field

1.03.10 -SA/m). Calorimetric measurements thus confirm the results of

previous measurements.

Conclusions

The experiments show that initial modulation of an electron beam (beam

current 5 A, energy 21 keV, modulation power 600 W) raises the energy

losses in plasma--beam interactions by 7 ± 3% in comparison with the losses

registered for an initially unmodulated beam under identical conditions.

The specific power of the oscillations excited in a modulated electron beam

is substantially higher (approximately by a factor of 60) than the high-

frequency power in an unmodulated beam; the power of the oscillations at

_, 835 Mc/s is as high as 8 kW at the system output, Excitation of

oscillations at 835 Mc/s is accompanied by a suppression of oscillations

near 1100 Mc/s. The halfwidth of the frequency spectrum of the oscillations

is substantially smaller (1/5--1/7), and the electric field of the oscillations

set up in the modulated beam is substantially higher (by a factor of 7) than

without modulation, reachinga strength of 3.2 kV/cm at the end of the

interaction path.
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E. A. Sukhomlin, V.A. Suprunenko, and N. I. Reva

SOME PROPERTIES OF A POWERFUL PULS:_D ELECTRON

BEAM EMERGING FROM A PLASMA SOURCt:

Powerful pulsed beams of "runaway"electr,ms were obtained in

experiments with a plasma in strong electric "ields, and these beams were

allowed to emerge into a space free from electric forces.

The plasma was generated in a cylindrical alundum tube by a linear

pinch discharge stabilized by a magnetic field. A condenser bank of 15 /xF

capacity and 30 kV discharge voltage was discharged through the electrodes

of the tube. The discharge current reached 190 kA, with a period of 9 tasec,

pressure from 13.3 to 0.133 N]m 2. Hydroge_ was used as the working gas.

A powerful pulsed beam of electrons passed t _rough an 8 mm hole in the

electrode (the source anode). The beam was transmitted through a
dielectric channel to a distance of 10 cm from the electrode. The channel

comprised a quartz tube with an i.d. of 8 ram. The residual gas pressure

in the channel was 0.399 N/m 2. The beam fe:l on a current detector in the

form of a Faraday cylinder with a carbon ins,:rt (to reduce secondary

emission). The beam current was measured with a high-sensitivity

Rogowsky loop provided on the current detect_r. The current detector was

also equipped with a mechanism for its displ_ cement in the vacuum: the

position of the current detector relative to the electrode (the source anode)
could thus be varied.
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Preliminary experiments showed that the beam did not pass through a

metallic channel, but was easily transmitted in the quartz tube. In the

absence of an external magnetic field, the beam would not pass through

the dielectric tube either. However, a comparatively low external magnetic

field (0.1T) sufficed to transport the beam to the current detector, which

registered the stream of charged particles. Measurements of the current

of fast electrons showed that the beam did not change over distances of up

to 10cm, abruptly stopping at the 10ca mark.

Figure 1 shows the results of these measurements. The ratio H, H0

characterizes the decrease of the external magnetic field, which does not

vary much in the region up to 12era from the electrodes. It is therefore

hardly possible to explain the current cutoff by this variation of the

magnetic field.

The passage of the beam through the quartz tube can be visualized as

follows. Emerging from the hole in the electrode, a dense beam (current

/run, A

2OO

_6

_run

o 1 o
J 6 7 8 g ?0 11 Z.crn

FIGURE 1. The current of fast electrons

vs. distance from the electrode.

/run, re1. un I,

/

0 _.

#0133 CU33 1..33 /3.3 &, N/m 2

FIGURE 2. Electron current vs. initial

pressure.

density 6.10_A/m 2) of fast electrons ionizes the residual gas and creates

a plasma which compensates the space charge. This permits the passage

of the dense beam through the channel. However, instabilities set in,

breaking up the beam. These instabilities have been described in several

papers /I, 2[, and they may be responsible for the ahrupt cutoff after the

beam has covered a certain distance virtually without damping.

In this experiment we made a rough estimate of the energy of the

electrons in the beam. The maximum energy registered with foils and a

photographic plate was 1.6.10-1sJ.

We determined the optimal r6gime of discharge, corresponding to the

peak current of "runaway" electrons. The peak current was attained for

an initial pressure P0 -- 0.399 N/m 2 (Figure 2). The corresponding magnetic

field was 0.5T, and the interelectrode voltage 12 kV.
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I. F. Kharchenko

CHARACTERISTICS OF A PLASMA GENERATED BY AN

ELECTRON BEAM WITH THE ONSET OF INSTABILITY

The ionization of a gas by a beam of electrons is generally little effective,

The density of the plasma generated by this ionization cannot be much

higher than the beam density /1, 2/. Howeverj with the onset of instability

in an electron beam passing through a plasma, the plasma density under

certain conditions may exceed the beam density by several orders of

magnitude. The plasma is simultaneously heated [3--6/.

The onset of instability is accompanied by the excitation of high-frequency

oscillations in the beam and in the plasma, and the observed increase in

plasma density may be attributed to the enhanced ionization by plasma

electrons accelerated in these high-frequency fields. No detailed analysis

has been made of the actual mechanism of generation of a dense plasma by
this enhanced ionization.

The aim of this paper is to study the mechanism of plasma generation

with the onset of instability and to measure the parameters of this plasma.

A schematic diagram of the experimental facility used is given in Figure 1.

FIGURE 1, Schematic diagram 6f tlae r mchine.

An electron beam with an energy of 2--5 keV w_ s fed at a rate of 10--50mA

into a glass envelope 10cm in diameter and 40cm long. The pressure in

the envelope could be maintained between 1.3.10 -6 and 1.3.10-3N[m 2.

The length of the envelope, i.e., of the system, could be varied. The

envelope was immersed in a magnetic field of 0--160A/m. A particle
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energy analyzer with a stopping field was provided at the outlet of the

system. The analyzer comprises a collector diaphragm 1 with a hole

0.06 cm in diameter, 0.6 cm long (the collector potential could be varied),

an analyzing grid 2 (mesh size 0.012X0.012cm), and a Faraday cylinder 3.

The energy of the plasma particles was determined with a calorimeter 8.

The temperature of the calorimeter was measured with a thermopile 9.

The calorimeter was calibrated with the heating element 10. Plasma

diagnostics was performed with Langmuir probes (single and double) 5 set

at right angles to the magnetic field, a resonator 4 tuned to 3000 Mc/s, and

a r-f interferometer (not shown) with a natural frequency of 10,000 Mc/s.

The oscillations resulting from instability were registered with frequency

analyzers and resonance wavemeters. R-f oscillations were picked up by

a dipole antenna 7 mounted outside the envelope. Low-frequency oscillations

were registered by the probes 5 and the antenna 6. The beam could be

modulated using the resonator 11.

Figure 2 shows the plasma density in hydrogen as a function of gas

pressure in the region of interaction. The plasma density was measured

by the method of resonator mistuning, correcting for the change in

formfactor. The current in the electron beam was 20mA, the energy

4.5keV. The density of electrons in the beam was 10Bel]cm 3. The density

curve is plotted for a magnetic field of 64.10SA/m.
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FIGURE 3. The amplitude of electron

cyclotron oscillations as a function of

system length.

The plasma density in the pressure range 10 -5- 10 -6 kN/m 2 is

approximately equal to the density of the beam; it sharply increases at a

pressure of 2.7 .10-4 kN]m 2 reaching values of 5.10lZel/cm 3. The plasma

density does not remain constant in this peak region, varying by as much

as 50% 'in time. The limits of plasma density are indicated in Figure 2 by

the solid and the dashed curves. The freaueney of density fluctuations

depends on the particular gas employed. In argon, the fluctuation frequency

is in the range of 10--300kc/s, and in hydrogen, 10--1000kcfs.

The growth of plasma density in argon and in air is observed for

pressures of the order of 10-SkN/m 2. The density of the plasma in these
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gases also reaches values of the order of I0 liel,cm 3. The increase of

plasma density is accompanied by an abrupt rise in glow intensity and a

broadening of the plasma column. In argon and in air, the diameter of

the column reaches 10cm, and in hydrogen, 2cra, for beams 0.3--0.5cm

in diameter.

The spectra and the intensity of the oscillations are measured as a

function of pressure to establish their role in plasma generation. It has

been found that at low pressures, of the order of 10-_kN/m 2, low-intensity

oscillations with frequencies of some 1--3Mc]s (argon) are excited in the

plasma. These frequencies correspond to the ion plasma frequency. The

frequency of these modes increases linearly with the beam current,

pressure, or magnetic field. The amplitude of the oscillations decreases

with the increase of pressure or magnetic field. These oscillations vanish

entirely near the critical pressure, correspond_ngto the sharp rise in

density. It thus seems that these oscillations a_'e not of a decisive

significance in the process of plasma generatiorl. Analogous oscillations

arising under similar conditions have also been described in /7/.

Near the critical pressure, high-frequency oscillations of electron

cyclotron freauency ¢0H, are the only ones observed. These oscillations

vanish when the plasma density increases abruptly: they are converted into

LO2modes with _' _J- ,_,_c0p.

Figure 3 gives the amplitude of the electron 2yclotron oscillations as a

function of system length. Measurements were made with a dipole antenna

inserted in the envolope at a distance of 20cm from beam inlet. System

length was varied by moving the collector. We see from the graph that

the amplitude of these oscillations increases lhearly with system length.

The power of the oscillations is no less than 12 --26roW.

The excitation of electron cyclotron oscillations by an electron beam

passing through a plasma is considered theoretically in ]8]. If c% << (0u,,

electron cyclotron instability may set in due to plasma--beam interaction

conditioned by the _erenkov effect or the anomalous Doppler effect in the

region of anomalous wave dispersion of the planma waveguide (the back

wave). The respective frequency increments o_ the two effects are

]111 _ _ mPc°b

2_H e '

where cop is the electron plasma frequency, _blhe plasma frequency of the

beam, _H the electron cyclotron frequency, a_he radius of the plasma, V0

the velocity of the beam, £othe root of Bessel's function. The two

increments have the same order of magnitude _nder our conditions. The

numerical values of the increments are such ttat, for an interaction length

of 30cm, the r-f fields resulting from instabilty may easily grow to a

level sufficient for the breakdown of the residual gas.

When the density rises abruptly, the _mm°tes vanish. Much stronger

oscillations with a frequency _p,_ _ < (_ + _,)'/' grow in this region ]3/.

In this ease (% > _m and the onset of instability is connected with the Cerenkov

effect in the region of anomalous wave dispersion of the plasma waveguide.
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Thecurveplottingtheintensityof theseoscillationsasafunctionof
pressureis shownin Figure4.

Theprocessof plasmagenerationcanthusbedescribedasfollows.
Electroncyclotroninstabilitysetsin whena beamof electronspasses,in
thepresenceof a longitudinalmagneticfield, throughtheplasmagenerated

o I

II'
!J!

"! II11
• IP I I II

|illl

3 4 5 6789_0

Jill
III
II11
llll
0p kN/m z

FIGURE 4. The amplitude of high-frequency

oscillations as a function o f pressure in hydrogen.
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FIGURE 5. Critical pressure asa function of the

electric field in hydrogen.
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FIGURE 6. Critical pressure as a function of system

length in argon.

by the ionization of the gas with the electrons of the beam. At a certain

pressure, breakdown of the gas occurs at the electron cyclotron frequency.

The critical pressure apparently specifies the conditions under which the

plasma electrons, moving between successive collisions in the r-f field of

the wave, acquire energy sufficient for the ionization of the gas.

The existence of a critical pressure has been established in experiments

with the breakdown of gases in conditions of electron cyclotron resonance

]9--11]. Figure 5 plots the critical pressure in hydrogen as a function of
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the r-f electric field. The curve is based on exp,'rimental data from /9, 10/.

For a constant electric field, the re is a range ofp:'essures where breakdown

is observed in conditions of electron cyclotron zesonance at a frequency of

3000Mc/s. The power of the high-frequency o,':cillations leading to break-

down is no more than few tenths of a milliwatt.

The minimal field strength when breakdown _'nay occur is 5V/cm at a

pressure of 2.6.10 3kN/m 2. The range of pressures where breakdown

occurs broadens as the strength of the r-f field increases. The field

strength in our case can be regulated by varying the length of the system

(see Figure 3). Therefore, plotting the breakdown pressure as a function

of the interaction length, we obtain the variation of the range of critical

pressures with the r-f field. These curves are shown in Figure 6 for

argon and Figure 7 for hydrogen. In Figure 6, the dashed line marks the

D.kN/m i
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FIGURE 7. Critical pressure as a function of system

length in hydrogen.

FIGURE 8. Critical length as a function of the
electron beam current.

constriction of the discharge when passing frora high to low pressures. We

see from the graphs that a certain minimal length exists when breakdown

is just possible. This length sets the minimal field strength for which

breakdown may occur at any given frequency. The critical length in

hydrogen is greater than that in argon. The r_nge of critical pressures

is narrower in hydrogen. These features are attributable to the higher

ionization cross section of argon.

Figure 8 plots the critical length as a functi)n of the beam current for

constant pressure and magnetic field. This le:tgth decreases with the

increase of current. This variation of critical length is attributable to

the growth of the high-frequency oscillations with the increase of beam

current /12, 13/.

As we have previously observed, the plasm t density reaches values of

1011el/era 3 on breakdown, and the frequency of the oscillations is close to

_p. After that, the plasma density is sustaine{ by these oscillations.

Periodic variation of plasma density in time in this region is attributable

to a change in the efficiency of the interaction due to the Cerenkov effect

in the region of anomalous wave dispersion.
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Measurementsof theenergyof abeamemergingfrom theplasmashow
that the beam is stopped when the plasma density rises abruptly. The r-f

power radiated at that time from the plasma accounts for no more than a

few percent of the total beam power. The kinetic energy of the beam is

thus largely expended in the creation and the heating of the plasma. In

our case, with a beam of 80W, a plasma with 10% ionization has been

created in argon, and with 1% ionization in hydrogen,

Measurements of ion energies during plasma generation, made with an

energy analyzer with a stopping field and a calorimeter, gave values of

40--200eV for the energy of the ions. It is not clear at present how the

ions are accelerated in this plasma.

We have established experimentally that the acceleration of the plasma

electrons in the field of the high-frequency oscillations which are excited

in a plasma with the onset of instability and the ionization of the residual

gas by these electrons suggest the harnessing of the kinetic energy of

electron beams for the creation of dense plasmas.
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V.D.Fedorchenko,V.I. Muratov,andB.N.Rutkev:ch

AZIMUTHALR-F FIELDSIN PLASMA--BEAM
INTERACTIONS

Whenanelectronbeaminteractswiththeplasn,acreatedby thesame
beamina magneticfield of 2.105A/m,oscillation_withafrequencyof

30 -60

I0 2O /I

3O

'V\k
_0 50 f, Mc/s

FIGURE 1. The spectraofthe longitudinal and

the azimuthal components of the r-f field:

energy of electron beam u n = 250V, beam

current in =40mA, pressure p = 266.10 -s

N/m 2, magnetic field t¢ = 1.4.105 A/m,

o Eq0-component, • _z-c°mp°nent"

some 50Mc/s a-'ise, propagating with a

phase velocity o-" some 7 .1O 6 m/see

[I, 2/. Measurements carried out with

probes and probing beams show that the

electric field of the wave has alongitudinnl

component with an amplitude _ 500 V/m,

which plays an important part in the

process of compensation and "over-

compensation" of the space charge. The

wave field E, accelerates and removes

from the channel those electrons which

are formed in the ionization of the

residual gases.

Besides the ongitudinal field, tile beam

also sustains transverse fields Er and E,;.

The present paper describes some

experiments colcerned with the properties

of the azimuthal fields E,.

The measur(.ments were made with a

moving screened loop set coaxiallywith the beam. The loop voltage was

measured with a tube voltmeter VLU-2, the frequency with a spectrum

analyzer ASSh-2 and a circuit-noise meter IP-26

The fieldsE_ and E, are correlated. They app__ar simultaneously when

a certain pressure is established in the system. They have the same

frequency. The frequencies of the fields E_ and£, vary with pressure,

_//m
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FIGURE 2. Axial distribution of the azimuthal

fie ld:

u n = %OV, G = 40mA, p = 200.10 -s N/m z,
H = 1.28.10 s A/m, t distance between the

measuring loop and the electron gun.

A

\
o

0.025 tr.

PICU_ 3. Radial distribution of the

azi nuthal field:

vn = 250V, / n = 40mA, j, = 200.10 -5

N/ra z. n = 1.28.10SA/m, _= 0.25m.
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remainingeaualto eachother. Weseefrom FigureI thatthespectraof
the E,_ and E, fields obtained with a circuit-noise meter are virtually

identical. All this suggests that the fields E¢ and E, are the two components

of a single wave propagating along the axis of the beam.

The amplitude of the azimuthal field reaches 50V/m, which is

approximately 1/10-th of the amplitude of the longitudinal r-f component E z.

_
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FIGURE 4 Azimuthal field E,;, as a function

of the magnetic field H:

c'_ - 25iiV, f,_= 4ureA, _,= 200 -10-5 N/m 2,

l= . 2,5 r_l.
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FIGURE 5. E_ as a function of the current

in the electron beam:

u n = 250V. p = 200.10-SN/m 2, _=

= 1.4.10SA/m. z = 0.25m.

The amplitude is maximal at the center, falling off toward the ends of the

vacuum envelope, limited from either side by the anode of the electron gun

and the collector. Longitudinal and radial distributions are shown in

Figures 2* and 3.

The amplitude of the oscillations increases with the magnetic field and

the beam current (Figures 4 and 5). The amplitude, like frequency, is a

function of pressure. It is maximal for

f_. v/m

20

7O

oJ
N,&lO"

FIGURE 6. E_ as a function of pressure

in the vacuurTl chamber:

6 n = 2.50V, In = 40mA, 14 = 1.4.105

A/m, l = 0.25m

pressures near 2 .10 -3 N/m 2 (Figure 6).

The appearance of an azimuthal,

as well as a longitudinal, component

in a bounded plasma in the presence

of a magnetic field is quite natural.

Indeed, in a bounded plasma the

space charge-density wave generates

a longitudinal E, and a transverse E,

field. For frequencies much less than

the electron cyclotron frequency _B,

the field E, may lead to an azimuthal

drift of the electrons, manifested

in an azimuthal current /_. The

latter results in a periodic variation

of magnetic flux density, which induces an e.m.f, in the measuring loop.

Taking the azimuthal field equal to 50 V/m and an osciilation frequency

of 50Me/s, we can estimate the modulating magnetic field and the

corresponding current, I_ _ 20A/re.

* The effecttvc field Ew E'_'ampl
1.4
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Notethatin crossedfields E_ and B, the plasrla particles should drift

in radial direction. This drift could apparently )e held responsible for the

fast radial motion of particles forming in the ionization of residual gases.

For beam diameters of _2cm, these particles virtually fill the entire

section of the chamber, which has a diameter of 9cm, and set up

longitudinal currents of some 1 mA.

It is obvious, however, that the r-f field E_ that we have measured

cannot produce radial drift of particles. In our experiment, when the

frequency of the oscillations is much less than the electron cyclotron

frequency (by two orders of magnitude), the motion of the electrons is

adiabatic; the electrons therefore move together with the magnetic lines

of force, which vibrate in the radial direction, the field E_ detected with

a rigid measuring loop does not affect the electrons which are "stuck" to

the magnetic lines of force. Preliminary experiments indicate that the

radial drift of particles is connected with low-freQuency plasma oscillations

(100kc/s). These oscillations are not axially symmetric, and they set up

transverse electric fields in which the particles drift in the radial direction.
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Section Three

GAS DISCHARGE

R. V. Mitin

THE ELECTRIC FIELD IN THE COLUMN

OF A HIGH-PRESSURE LONG ARC

One of the aims of our experiments with high-pressure long arcs

described in ]1--3] was to study, and if possible to explain, the influence

of the gas pressure p and the current 1 on the electric field E in the arc.

In ]1], the equations of the energy balance and Ohm's law in the discharge

column were applied to explain the experimentally observed dependence

E (1, p). The limiting cases of high currents and pressures (radiation

predominating) and of low currents and pressures (heat conduction

predominating) were approximately considered, and simple formulas were

derived qualitatively explaining the results of the experiments.

In the present paper we shall consider a general ease, when both heat

conduction and radiation must be introduced in the energy balance; the

theoretical results will be compared with the experimental data [1] (helium

arc) and ]2, 3] (argon arc).

We write the equation of energy balance and Ohm's law using the symbols

of /1/:*
T,I, eVi

IE = Wz + Wr = 2B F"Mq_ In R_- -_- C_pe-W ; (1)
r

_ evl

t = A ,,r'_. _-_ (2)

As in /1/ it is assumed that the electric current flows in a channel of

radius r, where the number density of the particles and the temperature

are constant; the heat is transferred by conduction, a process governed by

the temperature gradient in the gas surrounding the arc, and by

recombination radiation** from the arc channel; the arc plasma is weakly

ionized and transparent to radiation.

Eliminating the temperature from equation (1) and (2), we have

En--aE_--b =0, (3)

where

2_r'f, ._.l (4)
a _-.._- R /'

$/M Qa In --
y

* The numerical values of the constants A and C given in/1/ apply for hydrogen-like atoms only.

In the general case A must be replaced with ( glge/'/'A igl. gt' ga being the statistical weights of the

ga l

ion, the electron, and the atom). The constant C is a fairly complex function of the atomic species

and it cannot be written in a simple form (see, e.g., /5/).

"" The significance of the line emission of excited atoms will be considered in the following.
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c Q_
b = A-Y . T,/, . r-------'7p=l. (5)

We neglected the dependence of the coefficients a and b on T in comparison

with the much steeper T-variation of the exponential terms.

It is easily shown that equation (3) has two in aginary roots and one real

root (Cardan's formula), which is the relevant solution of our problem.

This root has the form

E =-_- + -_-+ g + + --27 T'

+_--v 27 _-' (6)

Expression (6) relating E. 1, p. T. r will now be compared with the

experimental function E (1) obtained in /I--3/ for helium and argon arcs.

The following simplifying assumptions are introduced: first, T is taken

to be independent on I and p in (6); this approximation applies when p and /

do not change much, since from (1) and (2) p ant / are logarithmic functions

of the temperature; second, we shall assume thtt in the region of small p

and I, the field E does not depend on r, since b in this case is small, and

a is a logarithmic function of r; in the region of large p and I, we may

apparently take r = const, since according to [2 ] the diameter of the argon

discharge column remains fairly constant for p > 1.5.106N/m 2, I >20A.
Hence,

al ,

a = -]-, b ----b[p'l,

where a, and b, are independent of / and p.

The only quantities entering formula (6) are now E, [, p, and it can

therefore be compared with the dependence E (1, p) found experimentally.

To this end the coefficients a_ and b_ are needed these two may be calculated

from formulas (4) and (5), but unfortunately m_ny of the relevant quantities

A. B, C, To, Q=. O,. r entering these expressions ace unknown. We shall

therefore determine a, and b, from experimentat data.

We write the asymptotic expressions of {6) in the limiting cases of small

p, I (W, _)2W,) and large p, I (W, << W,):

al ,

e =-7, (:)

E = bll'/'p '/'. (8 )

Formulas (7) and (8) naturally coincide with expressions (14) and (15)

of ]1[, which have been obtained by solving equations (1) and (2) in the two

limiting cases specified.

From (7) and (8) we see that the constants a: and b, can be easily found

by extrapolating the experimental dependence _ (p, /} in the region of small

and large p, ], respectively.

Experimental data for the dependence E (p) at a constant arc current

I = 100A, borrowed from [1, 3/, are plotted in Figure 1 in logarithmic

scale. The curves follow formula (6), and the constants a, and b, are
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determined by extrapolating the experimental data in the region of low and

high pressures. For helium this technique gives Ep-_0 = 7 V/cm,

Ep>3.0.106N/m z = 1.16.10-3p';,. Hence, from (7) and (8), (a,)He= 700,

(b,)_,_= 2.5 .10 -4 . For argon, Ep_o-- 1.2V/cm, Ep>3.0.106N/m 2 _-- 3.1.10-4p ':',

whence (a,) A= 120, (bt)A= 6.7 .10 -5 .

Figure 1 reveals satisfactory agreement of theoretical and experimental

data in the range of intermediate pressures. The E in argon increases

somewhat faster than p'_, (_ p'.,), which is possibly attributable to the

variation of the radius of the arc channel with increasing pressure that we

have neglected.

Applying the numerical values of at and bt, we make use of (6) to plot the

E (/) characteristics for constant pressure and compare them with

experimental data (Figure 2). We see that again the experiment fits the

calculations, although the constants al and bt have been determined

independently from the data in Figure 1.

The following practical conclusions can be further drawn from the curves

shown in Figures 1, 2: a) with a constant current ! = 100A, radiation

becomes of any significance in the total energy balance of the arc column

g0V/cm icml
20

tO
l

i 0
r.l_ _ 5._0_ t.f0 6 5#0 e p, N/m s

FIGURE 1. The electric field in the column

of an arc as a function of pressure for != 100A.

The curves E (p) for He _curve 1) and A (curve2)

have been calculated from (6).

v v

50 _0 tSO 2OO Ip A

FIGURE 2. The electric field in the column

as a function of current for p = 7.10 s N/m 2.

The curves E (/) for He (curve 1) and A

(curve 2) have been calculated from (6).

only at pressures higher than 2.5--3.0.106 N]m 2 for helium and higher than

10.106 N/m 2 for argon; b) with a constant pressure p = 7.10SN/m 2,

radiation is insignificant up to currents of ] = 120A for the arc in helium,

while for the argon arc radiation is substantial for currents higher than

40--50A. The conclusions pertaining to argon have been experimentally

confirmed in ]3], where direct radiation measurements are used to show

that in the interval of currents 30--150A (forp = 2.106N]m 2) and in the

interval of pressures 0.7--6.106N]m 2(for l = 100A) the entire energy fed

into the column of a long arc in argon is dissipated by radiation.

Measurements of radiation from the column of a long arc in helium are

under way now.
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Let ustry to correlatetheempiricalconstants_,andb, with accepted

theoretical notions. According to (4) and (5),

(9)

where M is the atomic mass, Qo the effective cros _ section for interatomic

interactions. Taking TH____H Vt{He) and applying the _abulated values of the
T A V_(A)

gas-kinetic diameters of argon and helium atoms, we find from (9)

a] (He) _ 12,
a_ (A)

while the experimental ratio is _ 6. The agreement is apparently

satisfactory, since it must be remembered that in the region of arc

temperatures the effective atomic diameters may _ubstantially differ from

the gas-kinetic values, which are determined in the range of standard

temperatures.

For the ratio of the constants b. we analogously have

(bl)HeH / CHe_'l*[ rA is�.[' TA _',,/ Qe(He)"_'/. (10)

where Q, are the effective cross sections for the interaction of electrons

• with atoms.

The cross sections Q, (A) and Q,(He) in the region of arc temperatures

were determined experimentally in /4/. From th_ se data, we find

(_')" - 2 { 'A / '/'
(bOA \ 'H_ ] '

while the experimental ratio is close to 4.

The orders of magnitude of the ratios are thus again in agreement since

it is unlikely that the are radii in helium and in argon should differ

considerably.

Let us consider in greater detail the radiation Irom the arc plasma. In

the equation of energy balance in the arc column we introduced recombination

radiation of the plasma, neglecting the line emission of the excited atoms,

which in general may be fairly substantial even in weakly ionized plasmas.

The line emission intensity IF* is known to be proportional to _-_e -_,
a

where V: are the atomic excitation potentials. Sin:e for helium and argon

all the excited levels cluster near the continuum boundary (V,(He) = 24.5 eV,

V;(He) = 20.5eV, V_(A) = 15.7 eV, V: (A) = 13eV), a certain effective level

V" can be approximately substituted for the differeltt levels of the excited
I

atoms. We may then write * P ,rIF _--_-e Equation; (1) and (2) are now

solved assuming line emission and heat eonductio_ only. Equation (3) takes

the form

E --_ E* v-7 const p v-7 + ' -- - '-- -- I v, =0. (ll)
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This equation is difficult to solve in the general case, but the limiting

cases are easily found:

al W *E = -7- for << IVy,

which is clearly identical with (7), and

V' V'

2v-_-+, __---',+,
E_l p fo r IV* >> Wt. ( 12 )

V*

Taking -vTequal to, say, 0.85 (the effective level is close to the first

excited level in both A and He), we obtain for (12)

E _ ll/a'gp2/z9 (13)

The difference between(8) and (13) is insignificant, and we may therefore

conclude that a general solution of equation (1 I) will yield a dependence

E (I.p) close to that corresponding to formula (6).
We have thus established that introduction of line emission will not

distort the results based on recombination radiation only.
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THE RADIATION OF A HIGH-PRESSURE ARGON ARC

In previously published papers /1, 2/ we described a setup permitting

generation of long high-pressure arcs (arc length up to 8 cm, argon or

helium pressure up to 9 MN/ma). The long arc is stabilized by rotating a

system of screens rigidly connected with the rotor of an electric motor,

which is also kept in the high-pressure chamber. This method of arc

stabilization has two shortcomings, First, it interferes with optical

measurements of the arc (the "stroboscopic" method of radiation

measurements described in /2 [ is inconvenient for absolute measurements
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since the size and the shape of the holes in the incandescent screens cannot

be maintained constant). Second, the possibility )f investigating the

behavior of a long high-pressure arc in a magnetic field is a priori

excluded (when a magnetic field is turned on, the electric motor stops and

the arc parameters change radically).

In the present paper we describe two new stab:lization techniques. One

of these techniques is adapted to absolute radiati(n measurements of an

arc up to 8cmlong in the pressure range 0.2--10 MN/m 2, the other makes

it possible to increase the arc length up to 25 cm Ln the pressure range

1--2.5MN/m 2, simultaneously impressing an ext,.'rnal magnetic field on

the arc.

Equipment and procedure

As in our previous papers /l, 2/, the long _rgon arc was stabilized

by rapid rotation of the gas.

Gas inlet _Ga_s m_ let

FIGURE 1. Schematic diagram of the

setup:

1) tube; 2) nut; 3) quartz window;

4) upper electrode; 5, 7) top and

bottom flanges;6) chamber; 8) lower

electrode; 9) nozzles; a) top outlet;

b) bottom outlet; _¢is the distance

from the upper edge of the window
to the lower electrode.

The first method utilized the equipment

described in /1, 2]; the gas is rotated by

an electric motor n_ounted in the high-

pressure chamber, but the rotation is

transmitted from the rotor to the gas by

means of an impelh_r mounted on the shaft

(and not by a syster_ of screens). The rotor

with the impeller is a mere 1.5crn longer

than the stator; the remaining part of the

chamber is thus oc :upied by the rotating gas,

which experiences t stopping force at the

walls. This transnfission ensures that tile

gas rotates approximately at half the angular

velocity of the roto-. (The angular velocity

of the gas was mea tared by a light-weight

vane provided in th_ chamber which interrupted

a beam of light dir_ cted along the axis;

viewing ports were substituted for the

electrodes). Howezer, the reduction in the

velocity of rotation of the gas had no

detrimental effects on the stability of the

long arc if the angl:lar velocity of the rotor

was sufficiently high. This stabilization

technique thus give _ satisfactory results

only if the motor is fed by high-frequency

current (200c/s), _;o that the rotor rotates

at a rate of 600--8o0 rad/sec.

In the second mq,thod of stabilization, the

gas is rotated by a :ontinuous stream of

argon blown tangen:ially into the discharge

chamber. The corresponding setup is shown

in Figure 1. The ignition chamber and the

electrodes are the same as in /1, 2/, with

the difference that quartz screens are provided
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to protect the electrodes and two conically converging nozzles are fitted in

the bottom flange through which argon is admitted. The gas leaves the

chamber through the top or the bottom (outlets a and b, respectively).

Argon was pumped by a compressor at a rate of 2.78 mm3]sec (maximum

gas pressure up to 6MN]m2). From the compressor the argon at a

pressure of 4--6MN/m 2 was passed through an oil separator '.'° and fed into

the inlet nozzles. The spent gas ejected from the chamber is cooled with

running water and fed back to the compressor through a high-precision

valve (regulating the flow rate and the pressure in the chamber) and a flow

meter; a certain quantity of argon is thus continuously recirculated through
the chamber.

The angular velocity of the gas in the chamber was measured as before;

it was found to vary as follows with the argon flow rate Q (ma/sec) and

pressure p (N/m 2) in the chamber:

r(rad/see} =a_ (1)
p

The constant a is a function of the nozzle diameter; for nozzles with a

diameter of 1.6ram, 0.9ram, 0.55ram, and 0.3ram it is respectively equal

to 6.3 .101° , 9.6.10 :°, 1.4.10 n, and 1.7.10::. All the experiments with a

long argon arc were made using nozzles 0.3 mm in diameter and a flow

rate of 2.22 mma/sec; the gas in the chamber thus rotated at a rate of

200--500rad/sec. Argon arcs up to 25cm long were generated on this

setup at pressures of 1--2MN/m 2 and currents of 30--150A. The arc is

ignited by touching the electrodes and it is stretched to size by moving
the lower electrode (cathode).

The stability and the electric parameters of the long arc are the same

irrespective of whether the spent gas is ejected through outlet a or b;

however, when the gas leaves through the bottom outlet, it carries away

approximately half the amount of heat removed by the gas through the

top vent.

The arc is fairly stable up to the maximum length (25 cm), but a slight

(_ 5--6%) fluctuation of arc voltage and current is observed; the arc as

seen through the viewing ports presents a column slightly oscillating about

the axis, which appears to be constricted and brighter near the electrodes.

The diameter of the luminous channel increases with arc current and gas

pressure in the chamber; the numerical values of the diameter are virtually

identical with the data of /2/ for an arc stabilized with rotating screens.

If necessary, the arc may be reversed (setting the anode as the bottom

electrode); the electric parameters of the arc hardly change, but the

stability is poor, especially for long arcs. Grounding any of the electrodes

did not affect the electric parameters and the stability of the arc.

Experimental results

Figure 2 shows how effective the various stabilization techniques are.

it plots the arc voltage U against the arc length l for various methods of

stabilization (for all curves, p= 2.2MN/m 2, != 100A).

* It is highly important to purify tile argon from all traces of oil, which may sharply distort the arc

characteristics. In our experiments, an oil filter was used with several layers of silica gel and felt.

137



Curve1correspondsto anarcburningin a stationarygas;thechamber
wallsarecold(notscreened).Thearc is thusstabilizedbythenatural
convectivecurrents. Weseethatthearc is highlyunstablein this case,
breakingwhenanattemptis madeto stretchit beyond,,, 4 cm.

Curve 2 represents the same case, but the _ onvection has been killed

by rotating the gas around the arc with the aid of nozzles (see l:igure 1).

_v
150_

_/'

,oo
i

0
5 10 t5 l, ¢-m

FIGURE2. Total arc voltage vs. intere_ectrode gap
for various stabilization techniques ( p = 2.'2 MN/rn2,

/= lOO A).

The arc is very stable, and its length is limite t by the size of the ignition

chamber. We see from the figure that the volt _ge and the voltage gradient

across the arc drop sharply, and a long unifor3n arc column with a constant

voltage gradient is easily formed.

Curve 3 corresponds to stabilization of a cold gas by rotation with an

impeller. The are is stable, but much shorter, since a large part of the

chamber is occupied by the motor with the impeller.

Finally, curve 4 shows the behavior of an a_-c stabilized by rolating
hot screens. If the screens are at rest, conve_-tion takes over, but not

to so high a degree as in the case of cold walls. The points corresponding

to tests with stationary screens accidentally fe 1 on curve 3, as we see

from the figure. The arc in this case become_ unstable: for lengths

greater than _ 4cm, it either breaks or switctes to the stationary screens.

We see from Figure 2 (curves 2, 3, 4) that t_e various stabilization

techniques are represented by somewhat different curves, but a common

feature of them all is the formation of a steady arc column with a constant

voltage gradient along the arc, which is longer than 2--3 cm. Figure 3

plots the arc voltage against the pressure of azgon in the chamber, for

different arc lengths and different stabilization techniques (curves I, 3--

stabilization with nozzles, U (p) for ! = 1 1 and 4 cm, respectively; curves

2, 4-- stabilization with an impeller, U (p) for ! = 6.5 and 3.5 cm,

respectively). From these curves we calculated the electric field E in

the arc column (curve 5 for stabilization with _n impeller, curve 6 with

nozzles). For purposes of comparison, the figure also gives the dependence
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E(p)for stabilization by rotating screens (the crosses on curve 5, which are

borrowed from /2/). We see that screen and impeller stabilizations give

identical values of E, although the total arc voltage may be somewhat

different with the two techniques (see Figure 2). For nozzle stabilization,

E are less by _ 20% (curve 6).

An examination of the current-voltage characteristics of the arc showed

that, irrespective of the stabilization technique, the total arc voltage U,

and the voltage field E in the arc column vary but slightly in the current

range of from 40to 120A; when the current is lowered below _30--20A, U

and E increase rapidly, and when the current is raised to 150--200A, U

and E grow comparatively slowly. ':"

The radiation of the high-pressure arc was measured with a thermopile

extracted from a radiation pyrometer. The sensitivity of the thermopile

was determined in calorimetric tests, by heating some water in a thermostat

v / "7 t kv/_

A4,,,,/ ,,

as

o o
2 4, 6 8 p,XIN/m2

FIGURE 3. Arc voltage and the electric field in the column

vs. pressure at / = 100 A.

with sun rays; the intensity of the solar radiation was registered by the

thermopile. The correspondingthermopile sensitivity was 500i50kW/mZV.

The wavelengths picked up by the thermopile were determined in our tests

by the transmission of the auartz window of the chamber (from 0.19 to 2.5/1).

The distribution of radiation along the column of a long are in argon is

shown in Figure 4, which plots the intensity of radiation reaching the

thermopile against x (see Figure 1). As the are length is gradually

increased by moving the bottom electrode (a cathode in our case), different

sections of the arc column adjoining the moving electrode pass against the

viewing port. Curve 1 corresponds to arc stabilization by rotating screens,

curve 2 stabilization by an impeller, and curve 3 nozzle stabilization.

In plotting curve 1, we took into consideration the time-average

attenuation of the light passing through the holes in rotating screens

(attenuation ratio _ --nZnDd_ I-0- , where S the area and d the diameter of the

holes, ntheir number, D the diameter of the screens), and also the

* A discussion of this behavior of E(I), as well as of E(p), and comparison with analogous functions

for a helium arc /1/ will be found in /3/.
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attenuationof light passingthroughthewatertilter, whichwasinterposed
to filter off thefairly stronginfraredradiatio_Lof thehotscreens.A cell
withquartzwindowsfilled withdistilled waterservedasthewaterfilter.

Curve4 showsthatnearthepeak",:theradi;ttioncurvesfollowdifferent
paths,buttheyapproacha commonlimit at distancesof 1.5--2cmfrom
thecathode;this commonlimit correspondstc theradiationfromthe
uniformpositivecolumnof thearc. Similar testsmadeneartheanode
giveananalogouspatternfor radiationdistribution,butthepeakradiation
of all thecurvesis reducedapproximatelybyonehalf.

As withthedependenceof thetotalarc voltageonarc length(seeFigure
2), wecometo theconclusionthat auniformcolumnof constantvoltage
gradientandconstant radiation intensity per unit length is formed in a long

are at a distance of 1.5--2cm from the electrodes.
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FIGURE 4. The intensit)' of the radiation reaching

the thcrmopiLe vs. _ (/;= 1 ,X]N% _ / = DI,:iA).
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FIGIIRE 5 Power radiated per unit column

length as a function of the electrical power:

dots ( • ) correspond so arc stabilization

_itl an impeller; circleslOl and crosses

Ix) o nozzle stabilization (circles for

p= 1 MN/m s, I = 30-150A, crosses for

1,= ).5- 2.SMN/m z, I=I00A).

The radiation of the uniform column was s udied as a function of argon

pressure and current intensity on machines p -ovided with nozzle stabilization

(1= 30--150A, p = 1.0--2.6MN/m 2) and impellers (t" = 30--150A,

p= 0.5--7.5 MN/m2).

It is easily seen that the power radiated per unit column length, if�,, is

related with the readings _ of the thermopile t,y the formula

4nL (L D2

IV.IkW/m;= _,_, q_, (2)

where q is the thermopile sensitivity, D the i-tternal diameter of the

chamber (0.084m), d, the diameter of the pot: in the chamber wall

° Note that the maxima of curves 1, 2, and 3 correspond to radiation from the bright sections of the

art" near tile electrodes, and not from the surface of the electr_ des, as might appear at a first glance.
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(_ 0.01m), L the distance from the thermopile to the arc axis (_ 0.30m),

y the coefficient of attenuation of light passing through the quartz window

(_ 0.93).

Since each pair of values p and I corresponds to a certain power fed per

unit column length, i_ IE, we can easily investigate the dependence of W,

calculated from (2) on the product IE. We plotted the results for various

values of the arc current and gas pressure in the chamber (Figure 5). The

power [i IE was calculated from the data of Figure 3 (curve 5 for the

impeller, curve 6 for the nozzles). We see from Figure 5 that the data

obtained in two different machines with two different stabilization techniques

lip _ P. e_rve which is vPry c)ose _o H_e straight J_n_ w_th _ Hlope of _/4 tad

(the d_,shcd linu) in _l _i(h, r_n_e of nrc currents (30 -150A) and argon

pressures (0.7--6.0MN/m2). It thus seems that the entire electrical energy

fed into the uniform column of the long arc is carried away by radiation.

We suggested that this was so in previous papers ]1, 2[, but then only

indirect proof was available. In the present study we obtained an

experimental proof of this for the case of a long arc in argon.

According to the best of our knowledge, absolute radiation measurements

of arcs (analogous to our measurements) have been published in two

references only /4, 5/. Elenbaas /4/ studied a high-pressure mercury arc

(up to 2.45 MN/m3); thermopile measurements showed that in the interval of

_'/ IE from 2.0 to 7.5kW/m the power radiated per unit column length W,

followed the relation W,-- 0.72 (IF--l.0), i.e., at variance with our

experiments, only 70% of the power are lost by radiation, which is

apparently attributable to the lower power of Elenbaas' arc than in our tests.

In /5/ an arc in argon was investigated at atmospheric pressure; the

formula W,= 0.52 (W= 9.5) kW/m was obtained by an analogous technique

for _" > 15.0kW/m. The lack of agreement with our results is attributable

to the low argon pressure in ]5[, so that heat conduction suceessfully

competes with radiation (see 1, 3/).
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In conclusion, we compare the energy radiated by the arc with the

energy released at the arc electrodes. The corresponding measurements

were made calorimetrically, using the coolant water. In the pressure

range 1.5 --7.5MN/m 2, the percentage ratio of the heat released on the

electrodes and at the chamber walls remains approximately constant, being

equal to 14 for the cathode, 29 for the anode, and 57 for the walls. This

test was made with an arc stabilized by rotating screens; arc length 5 cm,

current 100A. Analogous tests were made with a nozzle-stabilized arc;

the pressure was maintained constant, and the arc length varied. The

experimental results for p = 1.5 MN/m 2 and / = 100A are given in the

table (/ being the arc length, /Sthe total electric power, Wa. W(, the power
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releasedattheanodeandthecathode,respecti,-ely,tVga_thepowercarried
awaybythecirculatinggas,W,,thepowerreleasedat thechamberwalls).

Thelast columnlists thepowermeasuredw:thathermopile;integration
alongthearc wascarriedoutnumerically,usirg experimentalcurvesof the
typeof curve3in Figure 4.

According to the data of the table, the quanti::y of heat released at the

electrodes does not vary much with the increase' in arc length; the quantity

of heat released at the walls and carried away by the circulating gas, on

the other hand, increases with arc length. The satisfactory fit of the data

in the last columns of the table indicates that in our experiments the energy

is mainly lost by radiation along the entire arc (the electrode space included).
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MICROWAVE RADIATION FROM AN ELECTRODELESS

INDUCTIVE DISCHARGE

Intense epithermal microwave radiation is ok served in various plasma-

creating machines /I--3/. This radiation may )riginate in a nonequilibrium

plasma which carries either currents or beams of charged particles. The

plasma in this case is unstable with respect to oscillations. Large-amplitude

plasma oscillations arising in a bounded inhomogeneous plasma may be

converted into transverse electromagnetic wave_: the plasma acts as a

source of radio waves, much more powerful thal any thermal source. The

existence of this epithermal mechanism of micr)wave radiation in the

plasma of a linear pinch discharge was reportec in /4/, where it was

suggested that this radiation was connected with collective interactions of

electron streams with the plasma.

X-ray radiation indicatory of the presence of high-energy accelerated

electrons is invariably observed in machines wl-ere the plasma is created

by an electrodeless inductive discharge (theta-p nch). This distortion of

the electron distribution function may excite pla _ma oscillations. Our

experiments were made in order to test the sug$:estion that epithermal

microwave radiation could originate in the plas_la of an electrodeless

inductive discharge, due to the same accelerated electrons whose

bremsstrahlung registers as X-rays.
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Equipment and technique

Microwave and X-ray radiation was studied using an electrodeless

inductive discharge in hydrogen as the source of plasma. The alternating

magnetic field was set up by a single-loop coil 11 cm in diameter and 20 cm

long connected to a condenser bank(C-- 18.6pF, U= 30kV) through a

discharger. Peak amplitude of the magnetic field in the mirror was

1320kA]m, mirror ratio 1.1, period of magnetic field 8.6_sec. A _ 200W,

50 Mc]s generator was used in preliminary ionization of the gas.

The variation of the magnetic field inside and outside the plasma was

recorded with magnetic probes. Plasma density and the rate of its growth

were estimated from the attenuation of the microwave signals transmitted

through the plasma (at wavelengths of 3.2, 0.8, 0.4, and 0.2 cm). The

position of the plasma layers whose concentration exceeded the critical

value for the corresponding wavelengths was determined from the amplitude

and the phase of the reflected signal_ Microwave radiation from the plasma

was registered by detector receivers at wavelengths of 3.2, 0.8, and 0.4 cm

(sensitivity, 10-5 W).

X-ray radiation was detected using a scintillation element and a photo-

multiplier. The average X-ray energy was estimated by the method of

filters. The region of peak X-ray radiation was determined by photo-

graphing the discharge in X-rays with a camera obscura. The electron

temperature was estimated from the relative intensity of helium lines (this

gas was added in a small quantity).

Results of measurements

Microwave and X-ray radiation was recorded in the range of initial

pressures 1.6 -- 7.1 • 10 -2 N/m 2 for discharge voltages of 5 -- 30 kV across the

FIGURE 1. Oscillograms of microwave radiation at wavelengths of
0.4cm (a), 0.8cm (b), 3.2cm (c); oscillogram of the external

magnetic field (d).
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condenser bank. The radiation was picked up from the plasma lying along

the axis of the single-loop coil.

Typical oscillograms of the microwave tad ation at various wavelengths

and of the magnetic field (Figure i) were obtained for an initial pressure

of 0.86N/m 2 and a discharge voltage of 20kV. We see that the peak intensity

of the microwave radiation corresponds to the third half-period of the

magnetic field. The X-ray pulse registered under these conditions also

corresponds to the third half-period (Figure 2).

FIGURE 2. OscillogramsolX-ray radiati)n(a),3.2-cm

microwave radiation(b), and magnetic fi.'ld(c).

FIGURE 3. Oscillograms of the transmitted si;nal at 3.2cm (a)
and of the magnetic field (b).

The oscillogram of the transmitted signal (3.2-cm wavelength, 0.3N/m 2

initial pressure, 20 kV discharge voltage) also shows pulses of the received
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microwaveradiation,whicharisewhenthetransmittedsignalis cutoff
(Figure3). Typicaloscillogramsof microwaveradiationandof a signal
reflectedbytheplasmaat 3.2-cmwavelengtharealsogivenfor the initial
pressureof 0.86N/m2and20kVvoltage(Figure4).

Comparison of oscillograms obtained under identical conditions shows

that radiation, reflection, and transmission cutoff all occur simultaneously.

A necessary condition for microwave radiation at a given frequency is thus

the existence of a critical density of charged particles in the plasma, for

which (,_p_= V 4_ne_ is equal to the receiver frequency.
m

FIGURE 4. Microwave radiation and a reflected

signal at 3.2-cm wavelength (a); reflected signal

taken with a large time base (b). The bottom

oscillogram in each plate corresponds to the

magnetic field.

Figure 5 plots the microwave intensity at various frequencies as a

function of the discharge voltage. Radiation whose power exceeds the

receiver sensitivity threshold is observed at 3.2 cm for a voltage of 5 kV

(1) and at 0.8 cm for a voltage of 10-2kV (2); the intensity somewhat

increases with voltage. Radiation at 0.4-cm wavelength is picked up at a

voltage of 10 kV.

The microwave intensity as a function of the initial pressure (for 15 kV

voltage) is plotted in Figure 6. Peak intensity corresponds to a pressure

of 0.5--0.6N/m 2. As the pressure increases further, the intensity

decreases, the microwave and X-ray pulses shift to the earlier half-

periods of the magnetic field, and all radiation vanishes at a pressure of

1.3--1.6 N/m 2. As the pressure decreases below 0.5N]m 2, the intensity

also decreases and the microwave and X-ray pulses shift to the later

half-periods of the magnetic field. The occurrence of the critical density
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of charged particles is similarly shifted in time. Microwave radiation

vanishes at pressures which are insufficient to p-oduce the critical density.

At pressures of 0.3N/m 2, no reception was possi[_le at wavelengths of 0.8

and 0.4cm, while at pressures of 0.13N/m 2 the ladiation at 3.2 cm stopped.

el. un.

J
y

f

I

I_--- 3

5 _0 t$ 20 25 _0 U, kv

FIGURE 5. Intensity of microwave radiation as

a function of discharge voltage for initial pressure
of 0.6 N/m z.
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FIGURE 6. [ntensity of microwave radiation as

a function of initial pressure for discharge

voltage of .5 kV.

It is difficult to decide what the polarization o: the microwave radiation

is, since the radiating plasma is screened by the coil. Observations show

that varying the polarization of the receiving horls does not alter the power

FIGURE 7. Oscillograms of microwave radiation at

3.2cm (a), of the magnetic field on the plmnaa axis

(b), and of the magnetic field outside the pl tsma (c);

initial pressure 0.6 N/m 2, discharge voltage !0 kV.

of the signal received from the ends of the discharge tube. For reception

through a window in the coil, with the electric field polarized along the

external magnetic field, the amplitude of the signal is smaller than the

amplitude of the signal received in the case of pe _pendicular polarization.
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Analyzing the amplitude and the phase of the reflected signal, we see

that the external magnetic field induces radial oscillations in the plasma

cloud, with a frequency of 240 c]s (twice the frequency of the magnetic

field). The maximal diameter of a plasma with a density of 1.2 .1012el/cm 3

is 3.5--4 cm. It is also significant that microwave radiation precedes by

one period the capture of the magnetic field of opposite sign by the plasma

(Figure 7).

X-ray photographs taken in this range of pressures showed that the X-ray

radiation originated mainly in the plasma under the coil, having a diameter

of ,,_ 3 cm; according to microwave measurements, this diameter

corresponds to a plasma with a density of over 1012el/cm 3. The X-ray

energy measured by absorption in aluminum was of the order of

(3.2 --4) .10-1sJ. Estimates of the electron temperature from the relative

intensity of helium lines gave 5 • 105 °K.

Discussion of results

Estimates of the thermal power radiated by the plasma, based on

measurements of the relative intensity of helium singlet and triplet lines,

are several orders of magnitude below the actually received power.

Cyclotron radiation cannot be assumed either, since the received power

is independent of the magnetic field, and furthermore the reception frequency

is not equal to the gyromagnetic frequency. It has been shown in /4/ that

this epithermal radiation may arise in the plasma of a high-current gas

discharge due to the excitation of powerful electron plasma oscillations in

the presence of drifting electrons. The electromagnetic radiation observed

is the result of the conversion of longitudinal plasma oscillations into
transverse modes.

The time correlation between the emission of microwave radiation and

the occurrence of the critical density suggests that fairly intense electron

plasma oscillations are excited, with a frequency _ = ¢_ These oscillations

may be connected with the onset of streaming instability, arising in the

presence of groups of accelerated electrons in the plasma. The existence

of these electrons is confirmed in our case by the detection of X-rays,

which are radiated when the fast electrons interact with the plasma ions.

The suggestion that the electrons are accelerated in the region where the

magnetic field reverses its sign (the time of capture of the reverse magnetic

field) has not been confirmed experimentally. It has been established that

microwave and X-ray radiation are both emitted before the magnetic field

is captured by the plasma (see Figure 7).

The mechanism of acceleration of electrons in an alternating magnetic

field has been investigated experimentally /5/ and theoretically /6/. In

/5/ it is shown that in a rapidly alternating magnetic field electrons arise

with energies of the order of hundreds of kiloelectronvolts and this

acceleration is tentatively attributed to the betatron mechanism. In /6/

the energy acquired by electrons in an alternating magnetic field is

calculated. It is shown that if the magnetic field increases at a sufficiently

fast rate, the electrons may gain several tens of kiloelectronvolts in a

single cycle.
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In our case, the fast electrons may form whih: moving in an accelerating

magnetic field along a helical trajectory to the center of the system. The

fast electrons then interact with the impurity ion._ in the relatively dense

plasma near the axis, and X-rays are emitted. 3_urthermore, the velocity

distribution function of the electrons at that time may be favorable for the

onset of streaming instability, since initially T, .: Ti. As the plasma

density increases, the prevailing oscillations shift to the region of higher

frequencies, and when the density attains the critical value for the given

wavelength, microwave radiation is registered -- a result of the conversion

of longitudinal plasma oscillations into transvers=_ modes. This radiation

is cut off subsequently due to the compression heating of the ions (T, > Te).

We are not in a position to establish the exact nature of the instability

in this case, since the different acceleration mechanisms vary in their

contribution to the excitation of longitudinal oscil}ations in the presence

of a transverse magnetic field. It is hoped that f_ture experiments will

throw some light on the subject.

8IBLIOGRAPHY

1. DAWSON,J. andC. OI:_RMAN.-Phys. Fluids, 2:103. 1959.

2. FIELD, G. - Astrophys. J., 124: 555. 1956.

3. 8ERNSTEIN, CHEN, HEALD, KRANZ. -Phys. etutds, 1:430. 1958.

4. SUPRUNENKO, V.A. et. al.-AtomnayaEnergiya, No. 7. 1963.

5. VOLKOV, Ya.F., V.T. TOLOK, and K.D. SINEL'NIKOV.-ZhTF, 3: :811. 1962.

6. ANKUDIMOV, V.A., V.M. KEL'MAN, and L.N. SYSOEVA.-ZhTF, 33:19. 1963.

148



Section Four

PLASMA STABILITY

V. D. Shapiro and V. I. Shevchenko

QUASILINEAR THEORY OF INSTABILITY OF A PLASMA

WITH ANISOTROPIC ION VELOCITY DISTRIBUTION

Collective motions related with the ionic branch of oscillations are

excited in a collisionless plasma with a fairly high temperature anisotropy

(longitudinal and transverse temperatures) in the presence of a magnetic

field /1/. In these collective motions, the longitudinal thermal energy of

the plasma increases at the expense of the transverse energy (or vice

versa), until the plasma reaches a state which is stable with respect to the

collective interactions. In what follows, we consider this process in the

quasilinear approximation.

A highly characteristic feature of these instabilities is their aperiodicity

(the real part of the frequency o' is zero). Generally (see, e.g., ]2]), the

quasilinear theory is applied in cases when the increment is small in

comparison to the frequency, _'_<( o_. However, it will be shown that the

quasilinear theory may be applied to aperiodic instabilities also, provided

that _'k (< k_vtjl(vtpt is the longitudinal thermal velocity of the ions). The last

condition applied to these instabilities, whose very origin is connected with

the anisotropy of the distribution function, implies that the initial deviation

of the plasma parameters from the critical values corresponding to the

onset of instability is small. Under this assumption we have found the

temperature which is established in the plasma in the state of saturation

and the energy of the magnetic field generated by the collective interaction

in the plasma.

1. According to /3/, the dispersion equation of the ionic branch, having

cos_ _n' -- (_H + _.r_cos2 _,)m + _H_ + _ = 0, (1)

ck
wheren=--, qDthe angle between k and H0, k_ = 0.

°k

In the following we shall consider low-frequency disturbances !c0] ,( oH,,

when _t, _ _H[ e_<<e=; we are dealing with collective motions where the

electric field is perpendicular to the plane through k and H0. Then from (1)

c*k _ : oJ_e_. (2 )
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Inserting e:: from /3/ and taking

(3)

we write (2) in the form

+,01+ f.:- 1-
I [. ,2 4 O/o kz

a¥1_V± .... = O.
+1 Ovz k:' -- % i

(4)

Following /1/, we shall consider two separate cases:

a) kl = 0. For _% we have from (4)

n_
k_ Tit -- T± 4aN k_TILY

t+_ :----_,_ _,! +'+l(t --oH' I'
I _.. 4_N_c_ , _\ 4aN/i4c_/

(5)

where

equation.

find for mk

+-++ S°:_+":+'+=+,C°::°"':
.o+

T I+--T± 4aN
y ::+

Tl+

For 1Y i << 1 (this is the case considered in all that follows), ¢0_ <<( k_u_ .

Instability sets in (_)[ < 0) when T _T±q- H_ /4_;

b) k _ 0. Only the terms linear in ¢0, need be retained in the dispersion

Integrating with respect to v, in (4) 'or the casei(_kl-,,h,vtll, we

_M 0'[0 (a O)dvL_S_ +o_"
(6)

Since for any function l0 having a maximum at v, = 0, v41 0v---_(v±' 0) < 0, the

condition for the onset of instability is

+U '_± dv>T±+._N.

In distinction from case a), instability sets in _nlywhen the transverse

temperature is sufficiently high. The condition y+ _( k, vt_, as it follows

from(6), is met when

8N u, << I.Y* = Ov z 4 tN

M r :a _o (v
8"W'_ -_0_+ ±' O)dv±
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From (6) it also follows that for Y* << 1 the largest growth increment is

characteristic of the modes with k, << kz \k_. Y* . If the distribution function

[0 is Maxwellian with two different temperatures

f0 = No(2al,/------5 • r±r_' k 2T_.

the growth increments obtained from (5) and (6) coincide with those

calculated in / 1 [. Inthis reference, the dispersionequationwas investigated

retaining only terms of lowest order in _±vt± << 1. Introduction of the finite
(I)Hi

2 02

Larmor radius /4, 5/ showed that for k±t_____i__ y. the plasma is stabilized

with respect to the aperiodic instabilities. In our case, with Y*<< 1, we
k_ V_

thus have ±t____ << 1 in the entire unstable region of the spectrum.

2. Let us now proceed with the derivation of the quasilinear equations.

The velocity distribution function of the ions -- a solution of the Boltzmann--

Vlasov nonlinear equation -- is divided into two parts, one oscillating in

space, which characterizes the collective plasma motions, and one

homogeneous, which varies monotonically in time and describes the

"background" against which these motions are set:

f =f_ +h.

All the quantities describing the collective plasma motions are

represented as a superposition of Fourier harmonics'

1%-'_- lkr 1 _'R E elkr
ft=T2_fke +c.c.,E=_ k -rc.c.,

k k

c [kEkl _ Hk; dEk
o,-_ _ - vkEk"

Averaging the Boltzmann--Vlasov equation over distances much greater

than the oscillation wavelength, we obtain the following equation for

I0 = </>(in averaging we make use of the equalities <E> = 0,<H> =H0biz

and also remember that [o is independent of the azimuthal angle in the

velocity space, 0):

Ot --_ E 1-- + _ (vE_, -_- -t.-c.c. (8)
(o k

In this equation we can conveniently pass to the polar coordinates vj., v,, O;

0 =0--_, where 0, ¢D are the azimuthal angles of the vectors v_ and k±.

If Ek is independent on $, integration with respect to @ in the right-hand

side of (8) is equivalent to averaging over 0. The dependence on (} in the

diffusive coefficients in (8) drops out, the axial symmetry of f0 is conserved

in time.
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Equatlon(8) is writtenas

__Ol.O," (_-_°+ _-_)_ (Is cos 0 + 1, sin O) + _/,;a

la=--2-_i[ _---_-+-.E,rksinO+c.c_;\ cok

[( '°" "" ' tcos E_,h+c.e ; (9)1,=-_ _ 4 4 ,

c).,°,

Here we made use of the fact that E_ is perpendicular to k± and He; /k

depends on the "background" distribution func:ion /0.

To obtain the explicit form of this dependence, we shall have to make

two assumptions, which are not new in the quasilinear theory.

J _+n°. 7:.'We assume that /o varies adiabatically, i.e., o_-_,/, << 1

n=0, + I...; ¢_=,.,'+iy(see /6/). In our case, when the instability is

aperiodic (_' = 0) and the thermal spread is small (k, vt_l<< _,l), the strongest

I'condition is obtained for n = 0. Since To' -- y, this condition can be

written as Y_k,vtv * From (5) and (6) it follows that this condition is met

when Y, Y* _ 1, i.e., when the deviation of the plasma parameters from the

critical values corresponding to the onset of instability is small.
We also assume that the collective plasma motions can be adequately

described in the linear approximation. In See tion 5 we shall establish the

conditions when the nonlinear coupling between the various harmonics of

the collective motions is negligible.

Under these assumptions we write for fk th.e ordinary formula of the

linear theory:

' X e-woJ_ ' g_[, _ ' (_.,) [J.+* (_) -- J.-,= _M)] ._ m _ k.v. + o. x
8, n'

Substituting (i0) in (9), we average over 0 and simplify the equation.

Seeing that -' = 0 and conditions (3) are satisfied, we write

="ILL 0 [. _l.,l'/_. i.,.,, k_'.lot,
-_ _'_,'l" _ _r"_z",-_,,_, ...,, .... ,"_;+'-"_/_

--_--k._ _.___ _;-T_-T_-,.x_.o.+y, .)J .

[ =_, "_t + =_,, _'¢|l_?,Jl'

* It is a|$urned that all velocity-averaged quamities need be col sidered in the region v I ~ vtl. This is

ttue for all the averages, with the exception off _#_. --_dv, where for ¢...-oo the region

_11 -- IVtl '_'_ ¢" vii iS relevant (see equation (28)). However, it is easily seen that for It ..+ oo the

condition Vll _ ._- Is satisfied for these velocities also.
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3. Equation (11)*, like the dispersion equation, will be solved separately

for the two cases k±== 0, k.t >>k,.

For kL = 0, the instability is connected with all the plasma particles,

and not with a particular group of resonance particles: the growth increment

is determined by the average temperatures T,, T_(see (5)) and the diffusive

coefficients in(ll) are smooth functions of v,, v.L. In this case it therefore

suffices to consider velocity-averaged quantities, i.e., moments of the

velocity distribution function. From (11) we have dr=0; v,.Wdv=O,

i.e., i'0 quite properly remains an even function of v,.

For the second-order moments we have from (11) for k± = 0

T

Y_ ÷ k2

..'V_ = j _ • _- _- " ,.,= 'YJ,I H, I_ c'k' M
£°H( k

=N _y_, 2Tit --T±- T_ ' (12)

The variation of the energy of the electromagnetic field is determined

from the equation

d _'S IE, tS+_H,I, I ( ." Y_
•_t_ 8. =_,v, IH, I=_1+ k-_c,)" (12")

k

From (12)--(12") we have the law of conservation of energy

N-_- + T"dr± /V drdtII +__l E "V,( 114,Is + I E_ I_)=
k

I .___/,Z-',V,,'"," (,+ -.' /_,r,-ri-4=,j=0. (Z3)

The electrons in this problem make no contribution to energy conservation.

This is so because the highest electron current flows at right angles to the

electric field (in this direction the electron current balances the ion current).

The electron current along the electric field is small in comparison with
M,

the current of ions, the two longitudinal currents relating as /_ = --_. **

Therefore the energy absorbed by the electrons when instability sets in is

1/p of the energy absorbed by the ions. From (12)--(12") we can easily

find the variation of T_, T l, and W=_WZ._ with the onset of instability.
_ "o

• In our derivation of (1i) we neglected resonance particles with velocities v -_ _°) -{- o_Hi
k: :_ vr'l

In.educing these particles in the dispersion equation, we obtain a new species of instabilities in an

aniseS'epic plasma, which are considered in /q/. However, since the resonance particles are few
(t_res_ Or), these instabilities cannot alter the plasma parameters to any constdezable extent.

• * It is assumed that the velocity dis_ibutlon of the electrons ls isotropic.
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Dividing equation (12) by (12') and substituting the initial values T_. and T_I

for Ti and Til in the right-hand side of the result_ng equation (this

substitution corresponds to the omission of term:: ,-,Y), we find

dT± Toil

Hence an equation for the variations of the longitudinal and the transverse

temperatures with the onset of instability,

_" (14)
6TL = -- 6TI 1 212r_b _ TOLl

On the other hand, on saturation, when ¥k -- O,

T il = T_. + 4_;v ' (i5)

whence follows another equation for the total va:'iations of the longitudinal

and the transverse temperatures:

_T T = _r_ -- YT°Ij. (15')

For 6T_ and 6T_ we find from (14) and (15')

r0,,-_ 2T_,(2r_ - r_)
5T__ = Y 57.0̀ --2T°_ ; 6T,7 = --Y 57_,--2TU±

(16)

Analogously, from (12') we have for W as t --o¢

IV== _Y • T_-------L-----_ (17)
4_ 5r'N-- :r_

(fort--oo, whenVk_0, [Ekl'= _-_c,tHkV_ I_-0). ForY_- 1, the quasilinear

theory, as we have already observed, does not apply. However, for lack

of a more rigorous theory, we shall try to extrapolate the solutions of (12)

and (12') to the region Y _ 1. In this case fror_ (12) and (12') we have

aT,, _ 2T I,-T± (18)
ar_L 2 nl -.

2T _ -- T ± --_-_;,

Solving (18) with T.L = T__, T LI= T_t and seeing the t for t -- .o relation (15) is

satisfied, we obtain the following equation for t ae transverse temperature
on saturation:

H, r_ + --, -- Ti,+2r_.
T___ :-0 In 20n N = ,InN (19)

,_unm 1 H_ 3
2_, - to± 2o. N

For Y << 1, equation (19) gives formula (16)for 6Ta_., but for Y ,_ 1 formulas

(16) and (19) also give fairly close results. For example, for T_ =0.5T_I,
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Y =0.4bT_., 6T_calculated from (19) is equal to 0.12 Tg,, and that calculated

from (16) is 0.1 T_:.

4. Let us now consider instabilities with k± =_ 0 setting in when the

transverse temperature is fairly high. Retaining in the diffusive coefficients

of(ll) the contribution of the most stable spectral region, where k_,:k.,

k_--k_Y*(see (67), we find an equation for the time variation of f0:

-_";' %-_-_'o-_2-__" _"_ o_

-_._:4 Yk 0:° 1+ 0 (_ _, . or_II (20)

Hence for the variation of the ion transverse temperature

V tHk_'f:

-J 2 _T--* = _ _'k

2v2 2 ..- "kz z -}- Tk

The last integral in (2 17

kzVz _- Yk _ 3 kzv2 _ _k

l _ n v_ Mv_ -- (v±, O)av±.
av, j v

(21)

For T± we finally have

dr L _.-_ 'Hk'? [ I _M,,I 1 0/o V n 'Yk ]N--3y- = Z-J'Ykk_o 2NT± ÷ _- J/ .... J --v, " --Or d -- _, U_ o_MV_ Ott°ov_(v±. 0)dvj..
(22)

Analogously, for the time variation of the longitudinal temperature we

have from (207

dTII 1 _'_ iHk I' r(',,, 4 i . ff.___o dv -

O,:o I ,i, (2 7

From (227, (237 we can derive the law of conservation of energy: the change

in the energy of the thermal motion of ions is equal to the energy of the

magnetic field generated with the onset of instability,

k k

, o:o." 1 (2, 7

Substituting y_ from (67 in (247 and neglecting terms _ _ , we write an

expression where the integral in the right-hand side of (247 vanishes.

• These terms would introduce small corrections ~ .__k'* ~y. in the equations for T.land TII.
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Neglecting the variation of the electric field energy _lEkl 2 _V _'c' Hk ['in

(24) is equivalent to neglecting the terms quadratL; in _k in the dispersion

equation (see (16)).

Let us nowproeeedwiththesolutionofequation(20). Forv_ _ vti_equation(20)

can be solved by successive approximation. Writ ng f0 as _(v) Jr 5f0 It. v),

6/.
where f_ (v) =]o (0, v) is defined by (7), and taking P0 << 1, we find for 6[0

(25)

_',_ << 1. Forv,_0, theIn our case, with Y*<< 1, W << 1, and t, z_ vt_, t

last term in (25), _ 1/:._, becomes large, and the foregoing technique is

inadequate for the solution of (20). This is so because the third term in

the transport equation (20) has a sharp maximum "orv/_Z vt,, so that in the

region of small v,, f0 may vary considerably, althgugh the velocity-average

r_, T remain fairly constant for Y*<< 1. In the r, rgion of smallv,, equation

(20) must be solved exactly, retaining the third term only. In this case,

changing over to the variable W, we obtain for f,

(26)

This equation is solved by Laplace transformatiol. Writing f0 as f0=f_+Sf0,

we obtain for the Laplace transform [_ = _e-P%Sfodll_ the equation*
o

d_,_ % ,/,,_--_/f_=-_-\,_; o %/- ,,

m_L
I ( m % m_ _rL This equation can be solved by the methodwhere ,4=n0_ _) r±e

of variation of arbitrary constants. The constant_ are determined from

the condition that f_ is even in v, and that fp is boulded as v, _. The

result gives

+K../,I

Here z=-_| 4_-_; ID has a branching singularity at the origin: for p _ 0,

a r 3•
fp _- _ + _ + _ + .... where a = --a,__---TT-, _ = Returning to the

* Equation (2'7,) applies for small v. <( ota, and therefore in the right-Lind side _o (°1' O) has been

substituted for _o(O.l_' V).

156



original variable W, we find

a+i_

, ro=' ' ,I
a--i_ e

The last integral in (28) is taken along the upper bank of the cut (Re p < 0,

Imp = 0) from -- _ to -- e, then along the circle of the radius ¢ enclosing

the singularity at zero, and finally along the lower bank of the cut from-

to--_. The integrals over the sections jpj _, _r/2 < arg p < r and

-_rargp<-Tr[2 make no contribution to 0f,, since forlpI_, f_l[v'. We
thus have

[ {-" ' / °: ._')]_._, _ _,. _6;av +_ _ _8' T t±

where M,._(z) are Whittaker's functions. Applying the well-known asymptotic

expansions of Whittaker's functions for large z. we find that for v,>>uLW '_°,

010 reduces to the leading term in (25), equal to nW r°uv---_,Po(v±' 0). All the

other terms in (25) remain small as v, -'-0, providing W << 1. Therefore,

combining (25) and (29), we obtain for _f0 a relation which applies for any

v,(O<v,<vtR), if W_ << 1:

"o ,,-_ r,_ 2_t M_, + Ofo, (29')

where 6f0 is determined from (29).

Having solved (20), we can find the variation of Ta, T,,, and W with the

onset of instability, Substituting _ for f0 in the right-hand side of equation

(22) for ri, which is equivalent to retaining leading terms in Y*, and

omitting the last term _ _'k, we find

dT± 2 _yk tHk I' Toj.( 1 2Z_±) (30)T= -

For the time variation of iV we have

ew 1 _ It4kl' (30')"_T-=-TZ % n_

Dividing (30) by (30'), we find a relation among the variations of the

transverse temperature and of the magnetic field energy with the onset of

instability:

air -- T----7-/,i. e.,,br± = 8nwr__ _, /. (31)
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Ontheotherhand,for t _c, whenyk _0,

1 dv+NT_L-k_-=O.Mv'l ¥:.

Substituting f: = _ ÷ 8[_'. T_ = _ + 8T_, we obtain another equation for 8T_:

( u_ o6/: . = Y* I_ (32)

Substituting 8T__ from (31) and 8[_ from (29'), we obtain an equation for We':

8,,w_r__I----_7,,:+-_ol "_-_ro.i.w.),:.=y.\ _, ! r_, '

where G is a constant,

i " dj,,.

I
4z,/, -- _- _ "

(33)

The region of small v, (v,_ vt (g/_) ''') is the most "elevant in the integral with

respect to v, in (32), its contribution being _ (Ur') '''. The region of large

v, (v, _ vt) gives a small contribution ,-- IV_, whi( h can be neglected. With

the same accuracy, we may neg]ect the first te'm in (33). Then

Making use of equation (31), we obtain for the total variation of the

transverse temperature

4 r*, _e [2r_l

(34)

(34')

Analogously, from (23) we find for the total variation of the longitudinal

temperature

8T_ 8 v*4-ro= --_-- -_j. (34")

5. To justify the application of the quasilinear approximation to our

problem, we must show that for saturation amplitudes H_, determined by

(17) and (34), the nonlinear coupling of the harraonics is negligible. Let
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us consider this coupling.

for the electrons and the ions (a = e. i) in the form

at + i(k±v_ cosO + k,v_)/_ -- o,k_---_ + M---_ Ek -_ (,I -- -_ / +

+ _--F0%7 =--_ _ +_ ,

[,9 a (kz -- kzlvz 1
{k'-- kz) vz / ] __ EEk_k,fk, COS_ ( ]_k--k----7 / + -_1" k" _k--k' /

• ] _ ,%- k'.)%1I k± -- k± I v.l. "-I- cl E_-k•f_, sin (9 •

We shall start with the nonlinear kinetic equation

(35)

Here for simplicity we assume that k, k' and H0 are coplanar.*

In the case of aperiodic instability, mode coupling alters the time

dependence of the amplitude Hk already in the second order relative to the

oscillation amplitude. To find /k in this approximation, we substitute /_

from (10) in the nonlinear terms, which are all collected in the right-hand

side of (35)• Solving this equation and simplifying (it is assumed that

I_k-k,1, l_k'l(<mm and that conditions (3) are satisfied for k and k'), we

obtain after simple, though fairly tedious manipulations the following

expression for the nonlinear correction to the distribution function/k

'_":' ¥ ,,. Hi,_'_-_l k,, _:,o,,,-.,,,__..... ,..

,o,._,,.- _ - k;i_, -y- o ,'_<k- '0"__]?:F k'± °% u± o,.,- _;_ o,,_' ,,,..- k;_,
×

J

× - 1o,_,,-- k,v,) + k;v_ ÷ E A_e"° " 36)
s_ O]: 2

We do not give here the highly cumbersome expressions for f_, since they

make no contribution to /_, /_. ** Applying Maxwell's equations, we obtain

for Hk

, O'Hk 4a _ OH. 4a E Sc-T" _ ÷k_Hk÷_- =--_'-ik e a v±sinOf_dv;
a

_' o_. ,,,_ o., ,,. _ _ ,2,
c' " Ot-_i- ÷k_Hk÷_°lt Ot c ik,_e a.v,l , cos O/kadV, (37)

el

where Hk is the magnetic field amplitude observed with the onset of

instability in the plane through k and H0; _ is the amplitude of the magnetic

field at right angles to this plane, contributed by mode coupling; o_,, o=_ are

the linear-theoretical components of the conductivity tensor ( ¢_k should be

o
replaced with i _- in these quantities).

Substituting /_ from (36), we integrate with respect to v in the right-

hand side of (37) setting I mkl << k,Vt_. We also assume that the velocity

distribution function of the electrons is isotropic. Then it is only ions that

* This can be done without loss of generality, since we are concerned with evaluating the order

of magnitude of mode coupling.

*" The presence of a term with s = 0 in (36) implies that mode coupling in our case gives rise to i,

and, consequently, to E IIHo. However, since tan is large at low frequencies, Ellis small.
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contributeto j_non! /_uon! Moreover, for kz = 0, tl-e terms proportional to

eii_vanish in I[ _. Therefore, only one component of ](non), viz., l,'(u°n)' does

not vanish: thus for kj = 0 the coupling of two trarsverse modes may only

produce longitudinal oscillations E ill0.':: However as we have previously

observed, t-_ being large at low frequencies, the f eld in these oscillations

is negligible. Therefore, for the second-order alnplitude Hk, mode

coupling need be considered only when kz _0, i.e , for instabilities

conditioned by a high transverse temperature. In this case, from (37),

.,4

3r..l- -- T l' F _- v_-" d:._

A. dumf(z,j ,

where _'k is defined by (6);

ng

( i - T L -- T_E
M

(38)

(39)

The quasilinear theory considers only the first term in the right-hand side

of equation(38); it is of the order of k,{,_4j Y* Hk. "['he second term is

attributable to mode coupling. For the amplitudes; H_determined from (34)

this term is small, of the order of /'_vtu k_'_Z: _ k':t_lY*JHk"

Mode coupling is thus insignificant over times - I/_, and it can actually

be neglected when considering the growth of the irstability to the steady-

state amplitude (34).

From (39) it follows that mode coupling also pzoduces a magnetic field

at right angles to the k, I% plane, but the amplituc!e of this field is small

in comparison with tt_:

t,, f1_

Hence, for k.L_' 0, mode coupling may be neglected if Y*<< 1.

With kz = 0 mode coupling is felt only for the tl'ird-order amplitude H_.

Calculations follow the usual scheme: having foun(t the nonlinear correction

/_*_to the distribution function, we calculate ](non), _jnOn)an d substitute the

results in Maxwell's equations. In this case the ronlinear mode coupling

proves to be much more significant than forkj ¢ f). This is so because

with kx = 0 small terms _ y_ must be considered :n the left-hand side of

equation (37), which more than compensates for tire appearance of mode

coupling as late as the third-order Hk.

The nonlinearity of the collective plasma motions for kz = 0 can be

I TII --Tj.neglected if _ << I. This condition is equiwlent to Y<< 1 for small
H_

magnetic fields H0 only, when 4--Nr-<< i. The quasi inear theory of instability

thus applies for k± = 0 if Y<< I, H__<<1.

In accordance with previous results (see/9/).
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V. G. Makhan'kov and V. I. Shevchenko

QUASILINEAR THEORY OF APERIODIC INSTABILITIES

FOR THE INTERACTION OF A BEAM WITH A PLASMA

The interaction of a beam of charged particles with a plasma in the

absence of a magnetic field gives rise not only to electrostatic instabilities

/I, 2/, but also to instabilities in the form of transverse electromagnetic

waves propagating at right angles to the streaming velocity /3, 4/.

Instabilities of this kind are connected with the anisotropy of the velocity

distribution function in the plasma-beam system.

In /3, 4/ these instabilities were investigated in the approximation of

linear oscillation amplitudes and the authors determined the speetrum of

the collective motions, the conditions of their excitation, and the growth

increments in the initial stage. It would be interesting to establish the

variation of the macroscopic system parameters (the directional streaming

velocity, the temperature of the beam and the plasma) resulting from this

instability and to find the oscillation amplitudes on saturation. These

problems are considered in the present paper in the quasilinear approximation.

A characteristic feature of these instabilities is their aperiodicity

(_ :- i¥, _' the growth increment). The applicability of the quasilinear theory

to these instabilities was considered in /5/. It was shown that the quasi-

linear theory can be applied to aperiodic instabilities if V, <.¢ ku t ( u t the

thermal velocity in the direction of wave propagation).
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1. Let us consider the case of a hot beam moving through a cold plasma,

with an initial velocity u0 IIOz. The dispersion equation for the collective

motions propagating at an angle of g/2 relative :o the beam is

/ c2k'
e,,/e33 -- --_-) -- e_a = 0;

e,, = | + "_" ,,--z- . _, - _v ' 0%--:

e,s=l+%. ,,,_ " _ %-_v " %

els a m_t_k ") _t -- kvx " _ aY,

wherea = 1,2 refer to the beam and the plasma, respectively; k (k, 0,0)

is the wave vector of the oscillation. Taking k_*_¢_2>_t_ _12, k2v_2)__< 1¢0_I, in the

expression for e_, we easily find

l_,,_.l - _(, ".,_o+ rT r" 4<1. (2)
S t _-:.

In the following we shall limit the analysis tc collective motions having

the electric field parallel to the streaming velocity u. For this case we

have from (1)

ctk _

Retaining in the dispersion equation (2) only :hose terms which are

linear in _,, we find

Oe C)_ 1)

4.'rex ; -: .-'° av+ctk'._ _+_t
• k tll Oa O0 x I- 1

4T[e' _m Oz_"(O_)lux.odt':dPlt--

(3)

Instability sets in if

The condition y_ << kv t is satisfied when

Y_

4_e' " _ (t) << 1.

t-C, °/° "• ---_-- d¥

If the distribution function of the beam particles has the form

/71 rn _/_

(4)
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the growth increment is

t_
Q2 c_kl -- _t

(_)

and the condition of excitation amounts to

m_ 2 -_ T o

p.; 0 . i,_c,k__Q____>O.

Fol-

(6)

the increment is maximal:

--fll--Ql
r_

r_

(7)

The condition k l_.\[_l__)'],>>y, is satisfied when

Y*_- r°r << 1.

2. Let us now derive the equation in the quasilinear approximation.

We write the velocity distribution function as f_ = h (t, v) + [_ (r, v, t), where

/o (t, v)is the slowly varying (in time) function of the "background" against

which the collective motions are set; [_ (r, v, t) is the oscillating (in space)

function which describes the collective motions.

All the quantities describing the collective motions are written as

h=TLhe + c.c; E,=Td.,=_e +c.c.
k

Averaging the kinetic equation over distances large in comparison with the

oscillation wavelength, we find for f0 (t, v)

o-v=_ _--_vk'_ _.o'.+_.----_ _. _+ _---7-2v,_w---_ "_i " (8)

Applying equation (8), we easily obtain the relations

,f °f_ t'v, O_-_-dv 0dv = O; =
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(thenumberof particlesis constantin time, ardthefunctionfn remains

even in vx).
From (8) we have for the variation of the trt nsverse temperature of the

particles

, & e_Inhi' [ k'v,_l oI_N , dTa_ 0 _-Sm , . (9)

The expression for the variation of the longitudinal temperature is found

analogously:

om f O,o. ,,v.._l' _r _'o.o,(o.-_, 0/_1

The variation of the streaming velocity of the particles is given by

(11)

The energy generated by the electromagnetic field varies as

d L _ [z I Ed'q-"-_- I H* =i¥ % IHt'l_"
k

(12)

Here and in what follows we neglect the energy of the alternating electric

field, since

Applying equations (9)--(12), we obtain the lay of conservation of energy:

the energy of the streaming motion lost by the beam is converted into the

thermal energy of the particles and the energy of the magnetic field

resulting from the instability,

' • -"1 o o,
, _ _, 4,,,,_' k,o?_ o_ av]. (13)E'"r' [a)+ al+_'h' o_-#,-_--_ w=-4_ _ c'k"---_ , _, J

It is easily seen that

and the expression in brackets is therefore zero (see (3)).

S. Equation (8) for the beam distribution fraction is solved by the

technique suggested in /5/. For v, _ vt, the ,¢olution of (8) is obtained by
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successiveapproximations,settingf_"in theform ]o (0, v) +6f0(t.v), where

[0 (0. v) is defined by (4). Taking [_ << 1, we find

--_o--_,__r, _ _, - 0u _ r_., / fo(o,v>. (14)

For v_--0, the last term in (14) becomes very large, and the equation

cannot be solved by the method of successive approximations. In the region

of small v_, equation (8) should be solved exactly, retaining the leading

term only.

Applying the results of (5), we have

where

_r ' {"Y""" f " -_°_'

k

Mc,.e(z) Whittaker's functions. Applying (14) and (15), we derive for 810

a relation which holds true for any v, (0 < v, < vt.J,

6[_°t=-_,n,e_",_m IHk!=ctk'"Ov-"--_O[2v'_l(v'--u_]fa(O'_ V) + _[e, (16)

where 5f0 is substituted from (15).

4. Having solved equation (8), we can establish the variation of the

streaming velocity, of the temperature (T± and T,) of the beam particles,

and of the energy of the magnetic field generated with the onset of

instability. For t _oo, when yk -'* 0,

,i,_e'! f'l o/_'"_. o_----:-av+e,k,+o;+n;=o.

Substituting r_II®= ro (0, v) + 6f o, we find

-_- _" a_, m ,_, "_av=0" (17)

Applying (6) and (1 6), we have

__ymU_+T]_ + m e' _'l'taP I 2(m%+T°,) I]

+- "_ _ _--a_-_,/o-o.

+

(_8)
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whereG is a constant,

×

0

Making use of (6), we can show that

rH, l' 3 _ IH*V
m ¢$ _"-_ -_ %-gg_-k,=V" t

(19)

We shall take this quantity to be small in com_.)arison with unity (this

assumption is confirmed by the results). Then the second term in (18) may

be neglected relative to the third term. For the energy of the magnetic

field established toward the end of the growth process we have

( '----I''-v'N,r°. (2o)
,, _ 2'/,a I 6 .._

The smallness of (19) is ensured by the smallness of Y.

Applying (9)--(11), we find the gain of the traqsverse thermal energy
for the beam electrons:

Nt6T_ = 3 I Z-y--; w=_- IH, p (21)
tt

for the longitudinal thermal energy

(3 T°'L 1 -- (22}

The change in streaming energy is calculated from

6 mu.2 (23)
N,mu6u = -- w -V" " rauS° + To

From equation (9) we can determine the ener _y expended in enhancing

the transverse thermal motion of the plasma electrons:

= (24)

The heating of the plasma is insignificant, if the initial plasma temperature

T _2_° is low. Saturation in our problem is attaimd not for y, _ 0, but actually

for y_ ~ kut2. This factor introduces terms proportional to plasma
temperature in equations (21)--(23). These terms, however, are neglected

in the present analysis.
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V. D. Shapiro and V. I.Shevchenko

VARIATION OF BEAM AND PLASMA PARAMETERS

WITH THE ONSET OF CYCLOTRON INSTABILITY

When a beam of excited ion oscillators interacts with an electronic

plasma immersed in a strong magnetic field (_, >>_), the so-called

cyclotron instability may set in due to the energy of the transverse motion

of the ions. The linear theory of this instability was considered in /1, 2/.

An important problem that can be analyzed only in the framework of the

nonlinear theory is the determination of the reciprocal effect of the

oscillations on the macroscopic parameters of the beam ions and the plasma

electrons. A considerable change in the thermal energy of a plasma with

the onset of cyclotron instability was observed on the OGRA thermonuclear

facility /2/.

In the present paper we consider the feedback from the oscillations

excited when an ion beam, having an initial streaming velocity u0 along the

magnetic field and an initial transverse velocity v_, interacts with a low-
density cold electronic plasma (¢_ >>_]); by feedback in this text we mean

the variation of the beam and plasma parameters (streaming velocity and

thermal energy).

The dispersion equation of the longitudinal oscillations propagating at

an angle @ to the direction of a constant magnetic field has the form /1--3/:

l---_:cos, O-- _ (,_-_o.,-k%), +_o,m(o_-.o,.,-_.,,o) =0
(1)

T i

(it is assumed that ,_- << vo_; _o_ >> _; Io-- m0m-- k_uo[ )> kzvt,; Ico I >> kzvt.). Here

£_, g_, are the Langmuir frequencies of the ions and the electrons (the

number densities of the ions in the beam and the electrons in the plasma

are assumed equal for simplicity); Jn(a) = J { h±v°J I Bessel's function of n-th
n . O)Hi ]

order; o_m= -_c the ion gyrofrequency.
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The increments of the oscillations are maximal when the electron plasma

frequency is equal to the frequency of the beam pa_ ticles:

_ = _ cos O = k+uo + moll, (2)

and

'Yk = _ ([aJ.) ' t2, cos O, (3)

ttl

where _ = ._ is the electron to ion mass ratio.

In our analysis of the feedback from the oscillations we shall apply the

results of ]3/, where the interaction of a monoenergetic beam with a plasma

in the presence of a magnetic field was considered In case of instabilities

set up by the Vavilov--Cerenkov effect and the anoznalous Doppler effect,

an equation describing the change in the "background" distribution function

is /3/

where ct'_ is the tensor of coefficients of diffusion in the velocity space,
ik

k_- _'g_O.'._ r_
o___=_+.,+,,,--%+.j'_,+._,+','+.,++,I+_,,r_ _- ,__--i_-t+..,_,,+F,,:+:

iX '+"'+....
.,t e--2 k2 dh +dk. ' Ek ','_--_. . _ ;,._.+ IF_-,, -- F2I;

--z 2_eltl (t_ _ + ¢+D_ tl=l

,, " v ..... Iu,'+ 2n'm"+ Ekl+_-[Jo(_,+)Fo+ L Jk(ho)lF_+-rF_l ;

(5)

Here (_=i. e refer to the beam ions and the plasraa electrons, respectively.

The integrals in (5) are taken in the region k+ > 0.

We shall now find the variation of beam parame+ers with the onset of

instabilities conditioned by the Vavilov--Cerenkov effect and the anomalous

Doppler effect. Assuming that the change in the streaming velocities and

in the temperature of the beam ions is not large, s) that

-v_- '<<1; "d, _ <" 1; y--_- << 1 (6)

(Su, by± are the variations in the streaming velocities (longitudinal and

transverse) of the ions; vt_, vt=are the longitudinal and the transverse

thermal velocities of the beam ions), and series-ez:panding a_ in terms
of w = v,-- u0. _ -- v -- t,,_, we obtain an equation for the variation of the

"background" distribution function of the ions:

Ol_ OVo o OVo oa_± 0"70 o,;_ w OVo

oa*+, oV. 0_++ _ _+_2ao 'Vo (4')
+ _waw _+ O,_, " Ow -- 6;Ow"
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Here a_k is the tensor of the ion diffusivities for v_ = u0; vj = vo . Applying

(4') we easily obtain two relations for the variations of the longitudinal

velocity of the beam

t

<v.> = .o + _ O.o ,/c (7)

and of the transverse velocity of the beam

t

C da°l: ,

<_.> = oo+ J-_-dt. (81
o

For the variation of the temperature of the beam ions, we have from (4')

I

T +
t

Ir_=r_ I +_

(9)

i.e., the onset of instability leads to an anisotropy in ion temperatures.

Taking the integrals with respect to rand k in (7)--(9), we remember that

d

d_- !Ek [2 = 2y k ! Ek 1'

and the increment "{kis maximal for some k = k0. The values k0 are found
from

k_uo-- nun,.= g_ cos O (n = 0, l. 2.... / (10)

and the condition specifying the maximum of the quantity

[ lk rP \1'1,
f_,cosO llx./]| "±''l" |/ .

| \ _°n; / J

In OGRA mn= 1.4.107 sec -1, v_ = 3.8 .108 cm/sec, u0 = 1.5.108 cm/sec,

n0= 3.108 cm -3, k_0= 6.3 cm -1, sin O0 -_ 0.01 for the first cyclotron

harmonic. The radiation in this spectral region was not investigated in

the experiment.

Substituting for the pre-exponential factors in (7)--(9) their values for

k = k0, we can easily take the integrals with respect to k and t. From (7)

we obtain an equation for the variation of the longitudinal streaming

velocity resulting from the growth of the instabilities due to the anomalous

Doppler effect or the Vavilov-- _erenkov effect,

, ( _,.o _ _i8u = --q_--E i_t_-7_-C;-¢7 _ ekt _. (11)
a k_k_ k

The sum is taken over n (0, 1, 2 .... ) for which instability may set in.

As should have been expected, the longitudinal streaming velocity decreases
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withthegrowthof instabilitiesassociatedwithtkeseelementaryeffects.
For thevariationof thetransversevelocityof th_ionsin thebeamwehave
from (8)

V Ekl,. (12)
n _" j _ t /k_kq k

The transverse velocity of the beam ions thus increases with the onset

of instability associated with the anomalous Doppler effect.

From (9) we analogously find an equation for the variation of the

longitudinal and the transverse temperatures in thc ion beam:

. , (13)

8T'l = 2',__/"%'"4_'"] ?iE, I'.

The change in the macroscopic parameters of the plasma electrons is

computed seeing that the components of the diffusivity tensor for the plasma

electrons are small in comparison with the corresponding quantities for
the ions, with the exception of the component _.

For kv_ \_ (o',,

(_, _ el ] z "r'k

(t)k

Therefore, as it is easily verified, the energytr4nsmitted to the plasma

electrons enhances the longitudinal thermal motion. The variation of the

longitudinal temperature of the plasma electrons is

' '-v_- _ lEvi_ (15)
a k

From (11)--(13) and (15) we have the following law of conservation of

energy: the change in the kinetic energy of the be_Lm ions and the plasma

electrons is equal to the energy of the field generated with the onset of

inst ability:

M.V0u06u + MN0v0±bvj_ L+yNoGT, +NoTj +

k.n

In the case of the normal Doppler effect, insta)ilities grow at the expense

of the energy of transverse streaming. Two osci_lation branches may be
unstable in this case (see/4/): 1) o_1) = k_uo -kn'._,,(ka > 0; n = 1, 2 .... ): the

waves are radiated in the downstream direction; 2) 0)_ = -- k,u0 + m0m (k, > 0;

n(_H > k,u0; 0}_Z_>0): the waves are radiated upstrean .

The equation for the change in the distribution function of the beam ions

is written as equation (4), where
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Applying equation (4), we can find the variations of the streaming velocity

and of the temperature of the ions and the electrons with the onset of

instabilities associated with the normal Doppler effect.

For instabilities on the branch 0J(kJ), applying (7)--(9), we find the change

in the energy of transverse streaming:

k =k.

(17)

(k o is obtained from k,uo +nam= t},cos 0 and the condition specifying the

=x,mum qu  ,it, -- . The energy of the transverse
\ ¢°m /

streaming of ions thus decreases.

For the change in the energy of the longitudinal streaming of ions, we have

i.e., the beam is decelerated.

The growth of instabilities heats the beam ions and the plasma electrons.

The change in the longitudinal and the transverse thermal energy of the ion

beam is

n k

2flJ n_°_t 2 Jl_

l k]_'i J_=k, k
(19)

The gain of longitudinal thermal energy for the plasma electrons is

(20)

Applying (17)--(20) we can easily verify that the total energy is conserved.

For instabilities on the second branch

_2_ = -- k,_,o+ n,,,,,, (k, > O, "2_ > 0),

the change in the energy of transverse motion is described by formula (17),

with the only difference that k0 is now determined from _-_ecos(e = -- k.u. ÷n_,,

and the condition of maximal increment Yk_ _'_,c°sO(_l_) 'j'' The change in the

energy of transverse streaming for instabilities on this branch is

' / Y,tE, I', (21)
lCoMUo_U = _..,\_,_o_p=k. k

i.e., with the onset of instability on the branch o_ the ion beam is

accelerated in the longitudinal direction by the recoil it suffers when waves

are radiated. The change in the energy of thermal motion of the ions and

the plasma electrons is determined by formulas (19) and (20) with

appropriate k0.
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InOGRA, ¢0,, = 1.4.107 see-*, vo±= 3.8.10 e era/see, uo= 1.5.108 cm/sec,

N0= 3.10 e cm-3; for the first harmonic of the second branch,,,0----- 10-3 cm-Z,

cos 8o _ 0.014, while for the fundamental harrronic of the first branch k;,,

issomewhathigher, i.e.. there is a net decelerat ion of ions, For #,,,=10-3cm -1

k,u0_ 1.5'105 sec-1; k,uo<<_oH,, i.e., in this ca_c instabilities set in

on the first and the second branches for ,,,-m,,,, which is actually observed

in the experiments of /2/. The instabilities graw at the expense of the

energy of transverse motion, which is convert( d into the energy of thermal

motion of the plasma electrons and the energy .)f the field generated when

instability sets in. The beam ions are heated much less:

e
Wt

(W_. l_t is the thermal energy of the ions and of the plasma electrons,

respectively).

The foregoing results apply in the initial stage of instability, when

conditions (6) are satisfied. It is easily seen tlat the most rigid conditions

under which relations (6) are met are

i E tEk i. _ZEEk i_
_-_ k _ k

_1; i (_1.

- N.M._ (tU_,)'_, _-NoMv°Z(_J_;,'.2 u

(22)

InOGRA, with No _ 10 e cm -3, u0 _ 1.5.108 <m/sec, v0 = 3.8-108 cm/sec,

the maximal Ek was 50 V/cm. It is easily seer that conditions (22) are

satisfied:

k | '

l aCMu,,.l,,./. (; 50,"
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A. N. Kondratenko

"DECAY" INSTABILITY OF WAVES IN A PLASMA WAVEGUIDE

1. The problem of "decay" instability of some wave modes in a pIasma

was considered in /1--3/. "Decay" instability is defined as the instability

of a wave of frequency _ which excites two other waves differing from the

initial wave in their frequencies, phase velocities, and sometimes even in

their mode of oscillation. The decay is a strictly nonlinear phenomenon,

leading to a transfer of energy between the wave modes.

The "decay" instabilities considered in /1--3/ refer to an infinite plasma.

It would be interesting to consider the "decay" instability of wave modes

in a bounded plasma also.

It has been shown in / 1/that decay may occur for waves whose dispersion

curves display sections where two wave vectors correspond to one frequency,

and also in cases when the decay curve possesses several branches.

From this point of view, an electromagnetic wave cannot decay in a

cylindrical plasma waveguide in the absence of a magnetic field, since the

dispersion curve in this case has a single branch and there is a one-to-one

correspondence between freauencies and wave vectors. In a plasma wave-

guide immersed in a magnetic field, however, this decay is permitted,

since the dispersion curves are branched and in some fre0uency intervals

the function k (ca) is not single-valued /4/.

Let us consider the "decay" instability of waves in a cylindrical plasma

waveguide immersed in an infinitely strong magnetic field (o_, _/Q_, (,_).

In this case, generally speaking, an infinity of wave vectors corresponds

to any given frequency.

2. The hydrodynamic system of equations describing the propagation

of electromagnetic waves in a cylindrical plasma waveguide immersed in

an infinitely strong magnetic field has the form (thee -wave)

Or(°) o Or(°) e E_)Ot +v( )--gf m ; (1)

o..;,, , o.e;°, l o%0)
o: + 7- " _ = _- or, ; (2)

, o _ OH(O)_ . o.e_o) 4,.e o.g (3)T o_-('-::_-_ )=T ' oto_ +-_- -oT;
0/1101 O/l(O )_,10)

7=- o---7 (4)

where v(°) the velocity, n (°'the number density of the plasma electrons. The

ions, whose number density is no, are at rest.

We seek a solution of equations (1)--(4) in the form A (°=A_+A, where

A_ is the unperturbed solution (the "background"), A a perturbation. The

analysis is conveniently made in the wave's own frame /1/. The

unperturbed solution is then time-independent, and the linearized

perturbation equations are

o e E 0 •-- -- eulo (k j_or) "-_ (v sm koz);

a=H_o t O2Ez I O'H,r .
O: + T " aro---T= c-T at. ' (6)
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1 d (r OHv t 1 OIE z 4_ Jn-;'-aT Yl=_ -" otaz t--T ,-_-; (7)

dv 0n o, (81

eEo w) the "background" frequencywhere u is the phase velocity of the wave, e = --,
mUO.I 0

corresponding to k0, _ k0; k_0 = -- esk] (1 -- [_]); as 1 _°_ _ 4aetna . u= ----7; _ -- _0=--;

/s Bessel's function of zero order.

Weak nonlinearity is assumed, so that the funcamental harmonic is

adopted as the "unperturbed" solution, and equations (5)--(8) are solved

by successive approximations.

3. We seek a solution of equations (5)--(8) as a sum of two waves

(see /1/)

A = e-i°" [Al (r}d*.' + A_(r) e'_,*. (9)

Here

k2=ko+kl. (10)

the frequencies _.J,and o), corresponding to k_ and k: are equal in the moving

frame, while in the laboratory frame they are re_ated by

_0_= _o+ _* (11)

For the radial variation of theE, fields of the ;irst and the second waves

we obtain

1 oF(to E _ k 27" . W,, ,L.2]-- ±.2E_1.2:=
2 2

= e_/o (kj_or)/eL,, 2(1 --[St, 2)E,t, :, (12)

whe re

e3_ _kl,2 (1 = = 1------;

The solution of equation (12) obtained by the m _thod of successive

approximations is

t

Ez_ : Ctlo (k: tr) 4- _, k_C_ 11o(kl _r) S r'F= (r'_ Yo (k±xr') dr' --
o

r

-- Yo (kj_tr) _ r'F_ (r') Io (k ! lr') dr ,
Jl

(13)

where Cx, C_. are constants, YoWeber's function. E,_ is obtained from (13)

by permutation of subscripts, 1 _2, 2 _ I. The fields H_,_ are
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determined from

H_,,2=_i c. _.2 aEz_.2 (14)
o_ I -- 62 " " Or1,2

The radial functions of the fields in the vacuum

£,,,2 = E,._Ko (x,._); (15)

p21,2

H_a.2=--i +. _-_2 ×.nEl.zK,(×,._r), (16)
1 1,2

where K_ and K0 are Macdonald's functions of first and zeroth order;

_12,2 2= kl,2(l -- 1_,2).

The continuity of E, and H_ fields at the waveguide boundary leads to

a dispersion equation (a being the waveguide radius)

whe re

*'_' (17)

AI = x_ . I. (k.kla) Kt (xW) 1;
k.t a I_ Ik±aa) Ko (ttaa)

A_--.A2, if 1_2;
a

N (a) _ _ rio {k±tr) Io (k±0r) I0 (k._r) dr.
o

(18)

4. Let two waves exist for e = 0, whose frequencies ¢0, and 0_2 are

determined (for given kt andk2) from the equations A_ -- hz = 0. These

equations, for l e3_.21 >> 1. ×t.2a )> l, [_.2 << l, lead to a linear relation between

_,) and k :

' _'pl,t

where _., is the root of Bessel's function of first order, /_ (h,) = 0.

_ ...(0_ + _,_, whereWe seek the solution of equation (17) in the form %._- w_.2
(o)

¢o_.2is defined by (19) and ¢_('_C< to(°JL_. For _(I_we find

£ 2a_lo (;_p_)Io (Lp_) f_o

The decay conditions take the form

['_1 = ,,,o + l ','tl;

-4-Ix..,., I = x,,o_,o+ IX.,=,I. (21)

From (20) and (21) we see that the decay of an initial wave ((D (l}2 < 0) into

two waves of frequencies _, and _ is permitted if the waves propagate in

opposite directions.
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Since kla >_ 1, the upper limit in (18) can be taken as oo. Let k,L0, k±, k12

be such that they may form a triangle. Then the integral in (18) can be

taken, and the growth increment has the order of magnitude

_ (22)
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R. V. Polovin

THE DIFFERENCE BETWEEN ABSOLUTE AND

CONVECTIVE INSTABILITIES AND BETWEEN

AMPLIFYING AND EVANESCENT WAVES

The instability of any system with respect tc small perturbations is

generally analyzed by representing an arbitrar:, disturbance as a super-

position of monochromatic plane waves of the form e i**-_t. The relation

among _ and k is given by the dispersion equation

F(,_, k)=0 (1)

If to some real k corresponds a complex to_ith a positive imaginary

part, instability sets in, i.e., the perturbation_ grow exponentially in time.

However, the perturbations at any given point in space need not increase

as t 400. The perturbation may be carried away by the wave, so that at

the point of origin it approaches zero* as t -*_. This instability is called
convective, in distinction from the absolute (ncnconvective) instability,

when the perturbation increases indefinitely fo:" t ---0o at the point of origin.
The difference between these two kinds of instebilities was first defined

by Landau and Lifshitz /2/.

Let us now consider amplifying oscillations A perturbation _ (x. 0 is

given at a certain point x = 0 for all t. This p,_rturbation is representable

as a Fourier integral with respect to all the fr.;quencies w. If for some

real _, k is complex, the oscillations are generally amplified. Note that

a complex k sometimes implies evanescence, :tnd not amplification.

Evanescence occurs, e.g., in a cylindrical wa',eguide at subcritical

frequencies.

* Here the perturbation indefinitely increases at a point moving wi:h the group velocity of the wave/1/.
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Sturrock /3/ was the first to define the distinction between amplification

and evanescence. For amplification of oscillations it is necessary that at

x = ± oo the perturbation q_(x, t) vanish for any finite t. Otherwise,

perturbations are forbidden and we have a case of evanescent waves.

Taking the asymptotic expression for the perturbation _ (x, t) at x = 0

and t --*oo, we may distinguish between absolute and convective instabilities

on the basis of definition alone. Fainberg, Kurilko, and Shapiro /4/

identified in this way the instabilities setting in when an electron beam

interacts with a hot plasma, and also the instability of finite self-focusing

beams (see also Kitsenko /5/, Fainberg /6/, and Feix /1]). Kurilko ]7/

showed by the same technique that the reflection of an electromagnetic

wave by a plasma moving in a waveguide is accompanied by evanescence.

Direct calculations, however, involve considerable mathematical

difficulties due to the complex structure of the Riemann surfaces of the

dispersion equation (1), and can be successfully completed for small

parameters only. Sturrock /3/ recently proposed simple criteria for

distinguishing between absolute and convective instabilities and between

amplification and evanescence. Sturrock's criteria do not require any

calculations. It suffices to examine the graph of the dispersion curve (1)

(the graph clearly shows only those points which correspond to real _ and k).

The presence of complex ¢0 for real k (instability band) is immediately

obvious from the graph. Complex ¢0 correspond to those real k for which

the number of intersection points of the line k = const with the dispersion

curve is less than the degree of the dispersion equation (we assume that

the dispersion equation is a polynomial). The real _0 corresponding to

complex k are located similarly.

Sturrock's criterion of absolute and convective instability is as follows.

If k is real for all real ¢0, the instability is absolute (nonconvective); if,

however, k is complex for some real _0, the instability is convective.

Let us now consider a criterion distinguishing between amplification

and evanescence. If ¢0 is complex for some real k, amplification occurs;
otherwise, evanescence is observed.

In his proof of these criteria, Sturrock /8/ assumed that the Fourier

amplitudes of the initial disturbance

'ia(k) = T._ _(x, O)e-'_'_dx (2)

are other than zero only in a small neighborhood of some k0 : rk -- k0 ] < e.

This assumption was necessary because in the determination of the

asymptotic behavior of _ (0, t) as t _oo the contribution of the singular

points in the integrand was neglected. It is more natural to assume that

the initial perturbation i_ not zero in some finite region of space /9/. In

this case, the Fourier amplitudes do not vanish for any value of the
wave vector.

If Sturrock's approach is adopted, the integral describing the

perturbation includes neither the singularities, as originally observed

by Sturrock /8/, nor the infinitely large values of the wave vector. The

latter would imply that the instability is invariably convective.

For Sturrock's criteria to apply, it suffices that the dispersion equation

be a polynomial of n-th degree, which for k _ _ breaks up into n independent
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branches ¢0 = _k, where all _ are real, different, and take values other

than zero or infinity.

The amplification of electromagnetic waves i_ of interest in radio

physics and astrophysics. Various papers have dealt with this question.

Neither Haeff /10/ and Pierce ]11/, discussing the amplification of

electromagnetic waves ina two-beam tube, nor Bailey /12, 13/ and Bohm

and Gross / 14/ dealing with the amplification of electromagnetic waves in

sunspots give a precise definition of the initial and boundary conditions.

This imprecision met with the criticism of Twiss ] 15] and Piddington /16/.

Twiss observes that to establish the difference between amplification

and evanescence, one must solve the problem with proper initial and

boundary conditions; he suggests the Laplace transform as a convenient

technique (see also /17--20/). This method is suitable if we want to

distinguish between absolute and convective instability. In this case, the

perturbations are taken to vanish identically for t < 0, and we thus have a

rule for bypassing the singular points in the inversion of the Laplace

integral. The initial-value technique, however, leads to the same results

as Sturrock's much simpler method /3/.

We do not see, however, how the Laplace transform will help us with

amplification and evanescence. We cannot take the perturbations to vanish

identically for x < 0, since the waves from a source lying in the plane

x = 0 may propagate both downstream and upstream /21/.

Unlike Twiss, Piddington came to the wrong conclusion that the linear

theory of amplification is entirely in error. Pid_ington's paper /16/

contains some false statements, including the pr)position that the allegedly

unique mechanism of amplification is the entraprlent of electrons in the

potential wells of the traveling wave* (a nonlinear effect). A more detailed

criticism of Piddington's papers will be found in Pierce and Walker /23/

and Bailey /13/.

An energy criterion for distinguishing between amplification and

evanescence was suggested by Bailey /12, 13] ard Pierce ]24/ (see also

/25/). Amplification occurs only if the Umov--Poynting vector points

in the direction of increasing amplitude of the el,_ctromagnetic wave.

Sturrock's arguments /26/ indicate that for weal_ coupling between the

various wave modes (i.e., low beam density), th_ energy criterion of

amplification and evanescence coincides with Sturrock's criterion (see

Figures 2 and 3 in /26/).

An amplification criterion connected with conductivity was proposed by

Buneman ]27, 28/. There is no proof, however, of the equivalence of

Buneman and Sturrock criteria.
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E. A. Sukhomlin, V.A. Suprunenko, and N. I. Reva

ELECTRICAL CONDUCTIVITY OF A PLASMA

WITH ELECTROSTATIC INSTABILITIES

The variation of plasma conductivity is of considerable significance in

the analysis of processes occurring in a plasma ir_ the presence of electrical

fields. Knowledge of conductivity, combined with other data, gives a fairly

lucid picture of the interaction of electrons when _ current flows through

the plasma.

In small electric fields, where Coulomb collisions are significant, the

conductivity of the plasma is independent on field and density: it is

determined by the temperature alone /1/, o _ T:'. However, preliminary

investigations of discharges ]2/ have sufficed to establish that the

conductivity is a sensitive function of the electric field. This is attributable

to the high (from the viewpoint of Spitzer's theory) strength of the electric

field. Dreicer [3[ showed that in intense electric fields the force of

dynamic friction due to binary collisions rapidly d__creases, if the streaming

velocity of the electron gas is greater than its ransom thermal speed. The

electron gas is accelerated by the electric field ar, d forms a beam of

"runaway" electrons.

Akhiezer and Fainberg ]4] and Bohm and Gross ]5] showed that the

equilibrium in a plasma-beam system is unstable, whenever the streaming

velocity is greater than the thermal velocity.

Analogous instabilities may occur in a pIasma mmersed in an intense

electric field,

E>Ecr= 1.58. 10-_ n°

where no is the electron number density,m-3;T, th_ electron temperature, °K.

In this case, the electron beam is decelerated, and its energy is

expended in the excitation of plasma oscillations. The calculations of

Buneman ]6/ and Shapiro /7/ show that this mechanism is highly effective,

producing a substantial stopping already within the; first 100 oscillations.

In our case, this is equivalent to a time of some 0 -1° sec.

The aim of this study was to investigate the electrical conductivity of

a dense plasma immersed in an intense electric f eld, when processes

associated with the generation of "runaway" elect-ons predominate.

The experimental setup comprised a linear pinch discharge stabilized

by a magnetic field, which had been described in ]etail in /8/. The

electric fields varied from 10,000 to 100,000 V/m, the external magnetic

field reached strengths of 7.10 -1 T, the current i_L the plasma was close

to 100 kA, current period 9 psec. The starting p_essure varied from

133.10 -1 to 133.10 -3 N]m 2. Working gas -- hydrcgen, helium. High

vacuum conditions were created in the setup.

Figure 1 shows the electric diagram of the setlp. The following

quantities were measured: interelectrode voltage (using a low-resistance

divider); total current (using Rogowsky loop); the "runaway" electron

current through a hole in the electrode; the temperatures of the ions and

the electrons and their densities (by spectroscopic methods). Microwave

radiation at a wavelength of some 1.2 cm was als,_ recorded.
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The discharge resistance was found by measuring the interelectrode

voltage and the total discharge current. Table 1 lists the resistance for

_c

.L.

.... "1

t
t

Rheat

.... J

FIGURE 1. The electric circuit of the experimental setup.

various sections of the discharge circuit. The inductance of the arc gap

was determined from the length of the period of the discharge current; it

was found to be equal to 0.077 pH. The

I
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FIGURE 2. Discharge resistance,

"runaway" electron current, and

microwave radiation as a function

of the electric field.

o.10

0O5

corresponding inductive reactance is 0.048 ohm

at a discharge frequency of 100 c/s.

The reactive component in this case clearly

accounts for a very minor fraction of the

interelectrode impedance.

Figure 2 shows the discharge resistance,

the "runaway" electron current, and the

microwave plasma radiation as a function of

the electric field in the plasma, for a starting

pressure P0 = 266 .10 -2 N/m 2 and an external

magnetic field tt, = 0.4 T. We see that the

resistance remains fairly constant up to a

certain field strength For fields greater

than this critical E, the resistance rapidly

increases with the electric field in the plasma.

The sharp growth of resistance near the

critical field is accompanied by an abrupt drop

in the "runaway" electron current and intense

emission of microwave radiation from the

plasma. All this indicates that as long as the

drift velocity of the electrons does not exceed

the thermal speed, the discharge resistance does not vary much with the

field E. When the drift velocity becomes greater than the thermal velocity,

the beam of "runaway" electrons excites electrostatic oscillations in the

plasma and decelerates losing its energy to the oscillatory modes. In

Figure 2 this is reflected in the abrupt drop of the "runaway" electron

current. Electromagnetic radiation recorded by the microwave receiver

is a consequence of the onset of streaming instability.

The rapid growth of the plasma resistance with the electric field is thus

attributable to collective processes occurring in the discharge in the
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presenceofanelectricfield. Theseprocessesal,,oexplaintheexperimental
dependenceof thedischargeresistanceonthein tial pressureP0 (Figure 3).

TABLE 1

Uc, kV /tot.kA _Ip, k Zp, ohm

28
28
28
3O
30
32
32
34

74.6 12.1 0.16
81.6 II.0 OA5
76,6 13.2 0,17
66.5 Z5.0 0.23
82.8 130 0.16
80.9] ]5.8 0.20
III.6 11,7 o,]o
15.9 12.1 o.1o

Zto t r. b

o.38 ( .22

0.37 (+.22

0.39 ¢:.22

0.45 1.22

0,36 1,20

0,40 i.20

0.29 o.19

0.29 <Ll9

The curves correspond to a magnetic field H 0 = 0.7 T and an electric field

E0 = 40,000 V/m. If only Coulomb interactions _ re considered, the

resistance should not vary with plasma density. The actual variation is

easily explained by means of collective interactions: as the plasma density

ZJO:: ohn

/run r./ohm _ f60 --"

a2 < ,;o--. *}'

a/

FIGURE 3. Discharge resistance and "runaway"
electron current as a function of the initial

pressure.

80 ---

"_ _ •
I
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2./33 1.33 13.3 pa' Nlm 2 _ 80
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FIGURE 4 Discharge resistance as a function
of the el, ctric field for various constant initial

pressures

increases in a constant applied electric field, th._ "runaway" electron

current steeply drops, and excitation of electrostatic instabilities stops.

Figure 4 shows the variation of the discharge resistance with the

electric field for various initial pressures. Curve 1 corresponds to

po = 533.10 -s N/m 2, curve 2 po = 266.10 -2 N/m 2. We see that each curve

is characterized by its own critical field, when 1he steep growth of

resistance begins. Curve 3 corresponds to p0 = 13.3 N/m 2. The critical

field has not been attained on this curve (in view _fexperimentallimitations).

Combining the critical fields at the different }_ressures from Figure 4

with the data from Table 2 (the table is based on the results of spectroscopic

measurements), we calculated the ratio Ecr----1using the formula
Ecr2

Ecr = 1.58 . 10 -_ _-
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and compared it with the ratio of the directly measured fields: calculated

/:or 3 from Figure 4 Ecr= 2.8. This fairly close agreement indicates

that the anomalous growth of resistance starts in critical fields associated

with the onset of beam instabilities in a plasma.

TABLE 2

7_ N/Ill2 7e. _1_" I he. H)-3 i Ecr,......... v/m

t L L10,66 , 25.10 4 2,8.11} _1 I --
2.66 ] 20.10_ 7,1,11} :_ 70.10 s

fl.53 i 12. I0 _ 1,4.10 :° I 25. I0 a

Proceeding from our data on conductivity, we also considered the role

of Coulomb interaction in the experimental conditions. If the plasma

conductivity is known, we can calculate the effective frequency of interaction

of the electrons with the plasma:

ruff = 1.95 '_e-_-_".
t_leO

Since _ _ where l is the discharge length, s the cross section area, we

can find the conductivity if the geometrical dimensions of the discharge are

known. In our case, s = 12.5 cm 2 and l = 25 cm.

We can thu:; calculate the effective interaction frequency veff ' corresponding

to the experimental data. On the other hand, proceeding from the theory

with Coulomb collisions, we can find the frequency of binary interactions

v,. Furthermore, applying the results of Buneman ]6/ and Shapiro ]7[,

who dealt with the theory of the onset of electrostatic instability, we can

obtain the effective time of electron--plasma interaction, corresponding

to a frequency V{,oll .

Table 3 gives the frequencies v_, %ff, vconcalculated for various initial

pressures P0.

T\BLE 3

io,.sec_ t., .ol,.P,.N/nl in,, n1-3 sec- era) 1 see': sec "1

0.04

0.12
1.07
2,66
5,33

6.6. I0'
2.0.10 _°
1.8. l 02_
4.4- 10 _1

88.10"4

4.6. IO n I 0.8.107
7.9. IO n 2.5. ]07
2,4.10_2 3,3.10 _
3.8. I0 _* 5.0. I0*
5,5.ID2 l.l,lOs

9.5.102 2,2-10"
10.5. I0 a 6.2.10"
12,5.102 , 7,3. lOW

16'7'102 I 8'4"10_°14.3.10 _ 1.9- 10 n

1.2.10 `a

9,4. I0 _'
1,3- 10 '_

2.4. IO w
0.5. IO n

We see from Table 3 that the effective electron--plasma interaction

time measured experimentally is roughly 11100 of the Coulomb interaction

time and is of the same order of magnitude as the time of growth of plasma
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osci]lations. This implies that in our experimeat collective interactions

predominate, whereas Coulomb interactions art of secondary importance.

In our study of the conductivity of plasmas in intense electric fields

we established that the discharge resistance increases anomalously with

the electric field. This growth was shown to be connected with the onset

of electrostatic instabilities, limiting the electron drift velocities. Direct

measurements established that the onset of beam instabilities is reflected

in an abrupt drop of the "runaway" electron current and intense emission

of microwave radiation in critical electric fields. It is also shown that in

the conditions of our experiment Coulomb interactions are insignificant.
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MACROSCOPIC INSTABILITY OF THE PLASMA

IN A REFLEX DISCHARGE

Anomalous diffusion of charged particles is the positive column of a

low-pressure glow discharge, discovered by ],ehnert ]5/, was interpreted

by Kadomtsev and Nedospasov [6[, Hoh and Lehnert [7[, while Paulikas

and Pyle /8/ demonstrated a satisfactory qual titative agreement of

experimental results with the predictions of Kadomtsev and Nedospasov's

theory. This immediately suggested a study ,,f diffusion processes in a

plasma without any strong longitudinal eleetri: fields Ez, which lead to a

macroscopic instability of the plasma column in the presence of a high

magnetic field. The experiments were made asing a PIG reflex discharge

in a magnetic field; this discharge has been s'udied in sufficient detail by

various authors.
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Thefirst investigationof diffusionin a reflexdischarge,carriedout
bvBonn_l,Brifford, andManus/I/, showed that the diffusion of the plasma

in a discharge chamber with nonconducting walls increased when the

magnetic field had risen above a certain critical strength. Emission of

:--f noise (/ = 1000 Me/s) accompanied the enhanced c!iffusion.

Chen and Cooper /3, 4/ studied the discharge in a conducting chamber,

emphasizing the aspect of the steady-state low-frequency ion oscillations

arising in the plasma. They established the existence of several regions

(depending on the magnetic field), characterized by different behavior of

the ionic modes: in the region of medium magnetic fields, (1.6--6) .104 A/m,

the oscillations have a stable sinusoidal form, but in higher fields

incoherent hash is observed. Applying the correlation techniaue, they

measured the phase velocity of waves of various frequencies in the hash

and showed that it lied between the acoustic (_ 104 m/see) and the Alfvdn

(_ 107 m/see) speeds, being equal to2 .105 m/see. Chen and Cooper stress

the fact that they did not observe an increase of diffusion as the magnetic

field was raised to 3.2 .105 A/re.

In the present paper we describe the results obtained for the diffusion

of charged particles in a discharge plasma with nonconducting walls in the

range of pressures from 1.33 -10 -2 to 1.33 N/m 2.

Equipment and procedure

The setup is schematically shown in Figure 1. The plasma was created

in a glass discharge tube of 5.0 cm diameter; external diameter of anodes

and cathodes 4.4 cm, anode holes 3.6 em in diameter. Cathode separation

70 cm, cathode--anode distance 8 cm. The discharge tube was mounted on

the axis of a coil system generating a homogeneous (to within 0.5%) magnetic

To oscilloscope

FIGURE 1, Tile expcrinmntal setup.

field of up to 2.7.105 A/m along the entire tube length. A constant voltage

of up to 2 kV was impressed on the electrodes; the current varied between

50--300 mA. The initial vacuum in the system was 1.3.10 -4 N]m 2. The

basic results were obtained with helium in the pressure range 6.6.10 -2-

-- 1.3 N/m 2.
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Thedischargeplasmawasinvestigatedby varioustechniques:current
measurementswitha probemaintainedat a nega:ire potentialrelativeto
theplasma;measurementsof thedensityof thechargedparticlesonthe
dischargeaxiswitha doubleelectric probe;transmissionof amicrowave
signal(_.= 3 cm) through the plasma; electron t_mperature T_ and its

radial distribution, measured from the relative :ntensities of the lines HeII

4686 )_ and HeI 4921 ,_; radial distribution of h,qium glow intensity;

measurements of a signal with precision-collimeted photomultipliers. The

results give a figure of 5.1011 cm -3 for the plasma density, and

(1.5--2).105°K for the electron temperature.

Results of measurements

Observations of anomalous diffusion. Figure 2 gives the variation of

the wall ion current with the magnetic field, me_ sured by means of a probe

having negative polarization relative to the plasma. The wall ion current

at first decreased with the increase of the magnetic field, but started

increasing above a certain critical strength Her. Characteristic curves

having extrema near 1for were also obtained for the density of the charged

particles on the discharge axis and for the electron temperature (these

measurements were made with a spectrograph ISP-51 and a photoelectric

attachment FEP-1). Figure 3 plots the corresp(,nding variations for the

case p = 0.6 N/m 2, Ua = 1000 V. The critical r_agnetic field increases

i_'ppA
I

Io¢

50

0
8-I0' /$.r0* Jr,A/m

FIGURE 2. The wall ion current as a function

of the magnetic field:
He; U= 1000 V; 1) p= 0.18; 2) p= 0.1;

3) p = 0,05; 4) p= 0.49; 5) p= 0.65 N/m 2.

Rel. un.

Col

• _ ,io M.'ka/m
FIGURE 3. Wall ion current, density on

dischar t e axis, electron temperature, radial

electri¢ fie ld, and the squa re of the frequency

of steacy-state oscillations as a functioll of

the ma_ netic field:

tic; U- 1000 V; e- 9.5 cm.

with the increase of pressure. Figure 4 gives her (obtained from the

measurements of i+ = I (H)) as a function of pres _ure.

Two probes on the discharge axis and near the wall measured the radial

difference of potential, which proved to be highl:r sensitive to the magnetic

field and the pressure. Figure 5 plots the variation of the radial electric

field with the magnetic field for various press:ures (in Figure 3 this
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variationis shownsimultaneouslywiththeotherparameters;weseethat
theradial electric field increaseswiththe increaseof p]asmadiffusion).

f

Her ' kA/m

80

/

Er, mV/cm

0.650, N/,¢ O 6# I28 t92 H,i<,-_ ;,

F[GURE 4. Ilcr vs, pressure. FIGURE 5. The.' radial clc,,:n'Lc t'u..ld a,, a

function of the llla_llctic [it_.ld:

lle; U = IOOi V; 1} p = / _i; 2) p = _ 7,q

3) p = 0.65 N/m 2.

Macroscopic nature of the anomalous diffusion. To establish the nature

of the enhanced diffusion, we streak-photographed the plasma column through

a slit perpendicular to the discharge axis, using a rotating mirror. Visual

observations showed that a well-shaped plasma column with sharply outlined

boundaries started curving into a helix when the magnetic field was increased

FIGURE 6. A streak photograph of the plasma column through a slit perpendicular

to the discharge axis:

P = 0.06 N/m =, I,'= 1000 V; 1 cm to 5001Jsec,
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above the critical value. Figure 6 is a streak paotograph of the plasma

column in this case; the column pulsations had a frequency of some 200--800

c/s. Observations were also made with a collimated photomultiplier

receiving light from the region near the wall. _'he signal increased sharply

when Hcr was crossed, i.e., the plasma moved to the walls.
We also measured the radial distribution of t_e helium glow intensity.

The plasma column was projected onto the input slit of the spectrograph

equipped with a long-focus camera UF-85. The spectrograms gave the

distribution of the relative intensities of the He ! and He II lines along the

#'(d_" fel. Ull.

0 aS _' 0 O.5

FIGURE 7. Radial distribution of the HeI

4921 ,_ intensity:

Her = 8.t04 A/m; p= 0.13 N/m2; U=
= 1000 V; l) #4= 38; 2) H= t10 kA/m.

FIGURE8. Radial distribution of electron

te'nperature:
H_; Her = 8.104 A/m; U= 1000 V; _=
= 3.13 N/m2; 1) H = 3.8.104; 2) H=
= t.1 .10s A/m,

height of the slit. The measurements were c)nverted into the radial

distribution across the plasma column by numerically solving an Abel

equation, following the technique proposed by Dolgov and Mandel _shtam /8/.
Figure 7 gives the variation of the intensity of the line He I 4921 A for

subcritical and supercritical magnetic fields. The intensity received from

the peripheral plasma increases on crossing the critical field. Measurements
of the radial distribution of the electron temperature T, show that on passing

through the critical field, the plasma column separates into a "hot pinch"

on the tube axis and a "hot fur" at some distance from the axis (Figure 8).

Low-frequency plasma oscillations. The microwave probing of the

plasma column (_ = 3 cm), and the oscillograms of the a.c. component

picked up by the wall probe show that in subcritical magnetic fields the

plasma sustains stable low-frequency oscillations of the density of charged

particles. Our results are fully consistent witt; previous data ]2, 9/. The

frequency of these oscillations lies between 20--50 c/s and does not vary

much with the discharge current. As the magnetic field increases in the

subcritical region, the oscillations are distinztly sinusoidal and their

frequency increases; near the critical field, _he oscillations develop
additional overtones. Above the critical field, the oscillations are random.

We measured the frequency of these oscillat:ons as a function of the

magnetic field (see Figure 3). The frequency varies with the magnetic

field H approximately as the electron temperature does. Our result agrees

with the measurements of Consoli et al. /10/, _¢ho identify these steady-

state oscillations with ionic sound waves.

We also tried to study the relation of these l_w-frequency oscillations

with the onset of the enhanced plasma diffusion by stimulating the
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corresponding modes with the aid of an external source. An audio-frequency

generator was coupled to one pair of electrodes; the cathode remained

grounded, acting as the reflex. The amplitude of the low-frequency

oscillations could be increased in this way by tuning the generator to

i:.a [

I
i

o

FIGURE 9. The probe ion current as a function of the

gencrator frequency:

Ua= 1600 V; p= 0.06 N/mZ; h'= Hcr; Ugen = 100 V.

resonance with the plasma oscillations. The wall ion current in a magnetic

field ,_ Her increased, and the variation of the ion current with the generator

frequency followed a periodically repeating resonant curve (Figure 9).

Discussion of results

The enhanced diffusion observed in high magnetic fields is consistent

with the results of Bonnal, Briffod, and Manus /1/. The enhanced diffusion

is accompanied by a decrease in the electron temperature in the plasma,

at variance with the results obtained in the positive column of a glow

discharge. This is apparently attributable to a difference in the

corresponding mechanisms: in a positive column the current cannot be

sustained unless the electric field and T, increase to compensate for the

accelerated rate of diffusion of the particles acorss the magnetic field.

In a plasma with oscillating electrons, on the other hand, the enhanced

diffusion results in an increase of thermal flow across the magnetic field,

and the plasma cools.

The anomalous diffusion of charged particles is apparently a consequence

of the macroscopic motion of the column ( m > 0) observed in streak photo-

graphs and in measurements of the radial intensity distribution of helium.

In this case, our results are at variance with those of Bonnal et al.,

although they were specifically looking for any macroscopic factors linked

with the enhanced diffusion. The extremely low frequency of these

oscillations possibly accounts for their failure to detect the column instability.

The rotation of the column is apparently a result of the instability of the

azimuthal drift motion of the column in crossed fields Er and H,;* estimates

of the rotation frequency based on measurements of E, (see Figure 5) are in

satisfactory agreement with the experiment: for E, = 50 mV/cm and H, =

= 1.6.105 A/m, the column rotates with a frequency of 900 c/s.

The significance of radial electric field in the process of enhanced diffusion in PIG-type discharge was

pointed out by Bonnal, Gregoire, and Manus /1, 2/.
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It is still not clear how the constant radial electric field is generated.

A possible explanation can be sought in the charging of the nonconducting
chamber walls attendant on the excitation of transverse ion modes in the

magnetic field. The existence of these modes i_ suggested by the results

of Chen and Cooper ]4/, who studied the low-frequency oscillations in a

reflex discharge. The high phase velocity of the low-frequency oscillations

along the magnetic field observed by these authors (Vpl_ = 2 .105 m/see and

_'_ou,_,t = 104 m/see) is possibly a consequence of the excitation of "oblique

drift waves" /10/ with a phase velocity

k

where k_. k, are projections of the wave vector. For a high _- ratio, this

velocity may be greater than the velocity of sound, the waves propagating

almost without damping. The ions in these waves will start vibrating also

transversally to the magnetic field, which must charge the walls.

The presence of a radial field far from the anodes may also prove to

be a trivial consequence of potential sagging frt,m the region of the fast

anode fall.

A remarkable feature is the absence of enhaaced diffusion in a strong

magnetic field in chambers with metallic walls (Chen and Cooper /3/).

E,

Although helical disturbances (m = 1) rotating with a speed of c -H_ were

observed in the plasma column, they did not increase the diffusion, which

is possibly due to the stabilizing influence of the metallic screen relative

to the onset of large-amplitude hydromagnetic nstabilities.
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Seclion Five

ME THODS AND DIAGNOSTICS OF PLASMOIDS.

PLASMA INJECTORS

A.A. Kalmykov, A.I).Timofeev, Yu.I. Pankrat'ev,

and V. I. Tereshin

A METItOI) FOR MEASURING TIlE ENEIIGY AND

THE MASS SPECTRA OF THE IONIC COMPONENT

Ot.' A MOVING PLASMA

Various pap(,rs have recently been published on the performance of

different varieties of plasma guns and the interaction of the plasmoids

created by these guns with magnetic fields. In these researches, and

pavticular!y in the interpretation of the results on the interaction of

plasmoid,s withmagnctic fields, knowledge of the energy spectra of the

p]a._moid particles and of the mass composition of the plasma is absolutely

essential; the sp(_ctroscopic data are especially significant for the study

of plasmoids injected into magnetic traps. Some works /1/ make use of

the, Thomson mass analyzer, but this instrument has several deficiencies:

the _merKy spectra of the particles in the low-energy region cannot be

obtained, the absence of time resolution makes it impossible to determine

the slructuve of the plasmoids, the distribution of various particles along

the plasmoids, etc.

In the pr(_sent paper we describe an instrument which is free from these

shartc(m?in£s and can be applied in various experiments with moving plasmas.

()peration and description of various component units

Tho apparatus schematically shown in Figure 1 is used in analyzing a

beam of ions separated from a plasma. A low-density ion beam is cut

from a plasma stream passing through a system of diaphragms DI,I) 2,Da;

the beam is then directed to the modulators M 1,M 2 which isolate a single,

compact ion packet. Passing through the electric analyzer C 2 (a plate

condenser), the beam is deflected through a preset angle and is picked

up by the detector behind the diaphragm D 6. The distance between the

modulator anti the detector is the drift length. Ions of equal energy but

different mass traverse this distance in different times, and if the length

of the ion packet is less than the difference in times of flight, the screen

of an oscilloscope coupled into the detector will display the mass spectrum

of particles of given energy. The mass spectrum can be obtained only

if the size of the diaphragm is less than the Debye radius for the plasma,

d<_r d

If the plasma is (lense and G is very small, several diaphragms nmst be

applied in succession to reduce the density of the plasma, i.e. , to increase

191



G. If a voltage is applied to the diaphragm, r_h:s the form

V eUr d _ 82_tle 2 '

Then, for a given diaphragm radius, the condition

d <ra

can be met by alteringU; in other words, compl-te separation of the plasma

components can be achieved by adjusting the diaphragm potential. To avoid

distortion of the energy spectrum, the voltage must be applied symmetrically.

For example, if the particles are accelerated in the D 2-D 3 gap and suitably

accelerated in the D 3-D 4 gap, the energy of the particles passing through

the D 2-D 3 -D 4 systemwill not change.

MI M z

Ds Gt cI ca

Ilillll±
De'_/" _. _.

I
*J-K___J

"_Ph _tornultiplier

FIGURE 1. Schematic of the syst:m.

In some cases, e.g., for plasmoids generated by different plasma

accelerators, the process of separation is somewhat simpler. In /3/ it

was shown that for plasmoids

Wo_ ))' W. W_ (( W,,

where W0_ and W,, are the drift energies of the ior s and the electrons, re-

spectively; W_and W, are the mean thermal energies of these particles.

It follows from this relation that ions pass thcough diaphragms much

more easily than electrons. Plasma separation thus occurs even if no

voltage is applied, and the stream is simply chenneled through several

diaphragms.

In our setup, two modulators are used. The first modulator M 1 (see

Figure 1) modulates low-energy ionbeams. It :omprises a grid G 1 between

two diaphragms. The distance from the grid to either diaphragm is 2 mm.

When a positive voltage U_ is applied to the grid,

Uu > WdZe
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(W_thebeamenergyin eV, Zechargeof ions), the beam does not pass

through the modulator. When the grid potential is compensated by a pulse

fed from a square pulse generator, ions are transmitted for a time x (the

pulse length) through the modulator. An ion packet is thus formed.

The second modulator for high-energy ions is a plate condenser C 1

between two diaphragms. If positive voltage is applied to the condenser,

the beam is deflected between the plates and does not pass through the

diaphragm. If a compensating pulse is applied to the condenser plates,

the beam passes through, so that the diaphragm gives an ion packet with

a duration equal to the pulse length.
The introduction of two modulators is inevitable: the first modulates

beams with energies of the order of magnitude of the applied voltage (when

working with high-energy ions, this necessitates the application of large

voltages, and insulation difficulties become formidable), while the second

is inadequate for generating short pulses of low-energy ions on account

of the limitations imposed by the deflection angle (the drift time between

the condenser plates must be much less than the length of the modulation

pulse).

The resolving power of the drift mass spectrometer is given by

M tdr

AM- ')x '

where tdriS the drift time, _ pulse length, or

m =0.361 tdr /_

Here /dr is the drift length in cm, T pulse length in/asec, l_t particle energy

in Ev, M the mass number.

In our instrument, the drift length was 40 cm, variable up to 150 cm.

The square pulse generator gave pulses with _---0.2/_sec, 0.5/_sec, 1 _sec,

so that satisfactory resolution could be obtained for particles of different

energies.

The energy resolution of an electrostatic analyzer is determined from

the system geometry:

AW AS

Y=-W =-_-'

where aS is the geometrical width of the slit at the analyzer outlet, S beam

deflection, W particle energy, hWthe energy width of the slit.

Hence, AW = _W, i.e., the energy width of the slit increases in propor-

tion to the particle energy. Therefore, the detected current pulse is given

by
Io = f (W) _W

and to obtain the energy spectrum l (W) we must know the width of the

energy slit. The energy distribution has the form

/ (w) = _° (w)

where [ (W) is the energy distribution funetion of the particles, 10 (W) detector

current for a given particle energy.
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Ion currents were detected by the methoddescr bed in/4,5[. Theionbeam

wasacc_,_lcratedto20keVandthenaimedatatargel; the secondary electrons

t. nocked out by tile fast beam wet( accelerated by th? same voltage and hit a

6

0 5 10 15 _,k_v

FIGURt[ 2 i1_ _L_t'.h icJ_[ _,'.

-,t'L,;/dd:', _ IL'c 1:Oll _y/ [ [o[1 it,

.4'[[Ad_ ,'r

01!" .:, \ DNc'.

plastic scintillator. The light pulses were picked

upbyaFi:U-33phot(multiplier. This detector

arran_en_ent is fairlf sensitive and has several

advantages in comparison with a secondary elec-

t_onmultiplier. A slortcomingofthissystem

is thc dependence of he secondary emissioncoef-

ficientonthemasso the ion, which may lead to

errors in the determination of the relative corn-

posit ion of ions of different masses. Special

experiments were th__refore made to determine

the coefficients of seaondary emission for ions of

various masses. The results are plotted in

Fif_ure2. We see that in the working region, i.e.,

for- detector voltage _15kV, the coefficient of

secondary emission is insensitive to ion mass.

Vee also measure,I the detector _ain for pulsed

currents and showed that the system was linear in

a very wide range o[" (,urrcnts.

Since only one multiplier stafje in the detector (t}_e ion-electron converter)

comes indirect contact with thc vacuum system, th;_gainfactorwillremain

fttirly cc, nsttm_ ev(m if the v_c'uum p_iram(,ters are \ aried b(,tween wide limits;

this (:_n h_rdlv t.t. said of svst(m_s omployin_ s(,con_l_ry electron multipliers.

('alibration ;_nd l(,st.s

The various units were calibrated and tested using a special ion source,

comprising a hot cathode in a magnetic field in cnmbination with a three-

electrodele _s. This system generated

ion beams of different masses, depend-

inf_ on the a_omic number of the gas

injected into the source, and beam

energies of ap to 5 keV.

Figure 3 shows the oscillograms

of the pulse ; obtained with modulated

Ne + and A + 3earns. The calculated

position of t_e pulses is indicated by

arrows; the lower trace gives the

modulation mlse. Ther_J is satisfac-

tory a_reen ent between the experimental

results and the theoretically calculated

pulse positi, ms. An ion beam was used

to calibrate the electrostatic analyzer,

FIGURE 3. Current pulses with modulated i.e. , to plo the condenser' voltage vs.

Nc _ (top) and A* (bottom) beams, particle energy curve. The calibration

curve is shtwn in Figure 4. Figure 5

is the mass spectrum of the ions generated when hydrogen is injected

into the source, as obtained with our drift analy_er. For purposes of

comparison, Figure 6 gives the mass spectrum )f the same source, taken
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witha magneticmassspectrometer.Theperformanceof our instrument
is seento beacceptable.

50

V, volts .:/

J
0 200 400 600w, ev

FIGURE 4. Calibration curve of the

cluctrostatiu analyzer for:

0 No+; × A +.

FIGURE 5. Mass spectrogram of an ion source taken with

the drift mass spectrometer,

Since the performance of the separation unit is critical for the perform-

ance of the entire apparatus, we proceeded with special plasma separation

tests. The ion source was replaced with Bostick's button-type source /7/,

and we studied the energy spectra of some ions in two cases: with negative

I, _A

"°1,/1 1.20+
I (II I

+II17<IIi
I!111It+ 
IJll

I'_5 _'I0 5255 7_ H, oe

FIGURE 6. Mass spectrum of an ion beam

taken with a magnetic mass spectxometer.

voltage applied to the central electrode of

the separation system and without the

application of negative voltage. Since the

density of the plasma passing through all

the diaphragms is low, the voltage applied

to the central electrode should suffice for

complete separation of ions and electrons

in the plasmoid. No considerable difference

was observed in the energy spectra taken

in these tests. If a plasma stream is

channeled into the analyzer, and the condi-

tion rd >d is not satisfied, the spectra

should contain ions of various energies,

depending on the potential applied to the

separation electrode. The tests show

that if a positive voltage is applied to the

central electrode of the separation system,

the energy spectrum contains only ions with

energies corresponding to voltages higher

than the applied voltage. The lower boundary of the energy spectrum rigidly

follows any variation in the separation voltage. The results of these experi-

ments support the suggestion that an ion beam can be separated from a

plasmoid of given density (_1012 cm -s) simply by passing the plasma

through several diaphragms in succession.

Our instrument is also suitable for detez'mining the time characteristics

of pulsed plasma sources. If ions of equal energy reach the detector, and

the masses are adequately separated in the drift space, the length of the

peak of each mass corresponds to the length of the ionization time in the

pulsed source, with allowance for the time resolution of the system;
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the time resolution in this case is defined by

AI -- ldr r_

The instrument was used to determine the ma _s and energy spectra of

the ionic component of the plasmoids generated _y Bostick's button source.

FIGURE 7. Mass spectrogram of 640cV particles obtained in tests with

the button-type source. Sweep 5,ascc/cm.

Figure 7 is a typical mass spectrum of the ionic plasma component. The

mass spectrum corresponds to particle energy o 640 eV. Taking these

spectra for different energies, we can plot the erergy distribution of ions

of various masses and charges.
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L. I. Krupnik and N. G. Shulika

PLASMA DIAGNOSTICS WITH A BEAM OF

FAST PARTICLES

The modern techniques of plasma diagnosis in terms of atomic particles

naturalIy fall into two broad groups:

a) plasma diagnostics based on the analysis of the atomic particles

ejected by the plasma or withdrawn from the plasma;

b) plasma diagnostics by probing with beams of atomic particles (neutral

atoms and ions).

The techniques under a) constitute the so-called passive diagnostics.

They are discussed in a separate paper. The present paper deals with the

development and the experimental application of the second group of

techniques, the methods of the so-called active plasma diagnostics, based

on the probing of the plasma with beams of fast particles.

The passage of a beam of ions (atoms) through matter alters the initial

charge composition of the probing beam due to the collision of the beam

particles with the target. The attenuation of the primary beam of ions

(atoms) depends on the species of the colliding particles, their relative

velocity, number of particles in the target, as well as the cross sections

of the various processes contributing to the attenuation of the primary

beam.

If it is assumed that the cross sections of the corresponding processes

are all known, a method can be proposed for estimating the density (thick-

ness) of the target by measuring the attenuation of the primary beam.

However, in reality, it is not always possible to calculate the target

density in this way, since many of the cross sections are unknown.

In the present paper we consider the possibility of measuring the

parameters of a hydrogen plasma by probing with a beam of fast hydrogen

atoms and ions. Seeing that the plasma is almost invariably immersed

in a magnetic field, it is more reasonable to probe with a beam of neutral

particles. Thus, let a beam of fast hydrogen atoms H ° (beam energy

must satisfy the condition E., >> Ept, where Epl is the energy of the particles

in the plasma) cross a strearr_ of plasma. If we assume that the degree

of ionization of the plasma is fairly high, the main process responsible

for the attenuation of the beam of probing neutrals is the process of

resonance charge exchange,

H?+ H,+ : H,+ + H?.

The cross section of this process has been studied in great detail by

Fite [1[. The cross section sharply increases as the energy of the colliding

particles decreases. ForE_3-8keV, o_0 is approximately equal to

10 -15 cm 2 (Figure 1).

The attenuation of the primary neutral beam is then given by

aNO = NO(I - e..... L), (1)

where n is the density of the plasma, L the path of the probing beam in the

plasma, N Uand AN° the intensity of the primary neutral beam and its

attenuation after encounter with the plasmoid. If g,, and L are known,
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then by measuring N o and AN ° we can easily calcul_te the plasma density n.*

It should be noted that the "plasmas" used in e::perimenta] work contain,

besides the ionized component, also a certain am,)unt of nonionized t_2 and

tt ° .

It is of course desirable to isolate the neutral .:omponent, thus eliminat-

ing undue interference in experimental work. Th s is possible when working

with fast plasmoids with large drift velocities. H)wever, we should always

bear in mind that the cross section for the collisi,)n of atoms with neutrals

is not resonant, remaining fairly small in the low-energy region: at

3-SkeV, this cross section is _10 -17cm a/2/, i.e., roughly one-hundredth

of _0 (Figure 1). In highly ionized plasmas, the charge exchange of atoms

with plasma neutrals can thus be neglected; this also applies to ionization

by collision with plasma electrons in this energy range.

All the preceding applies to a pure hydrogen plasma. The accuracy of

the technique is seriously impaired when the impurity content of the plasma

is substantial.

A few words on the applicability of this technique. The lower boundary

depends on the sensitivity of the measuring apparttus, detecting the attenua-

tion A¥"of the neutral beam (see (1)). The upper boundary is found by

22
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FIGURE 1. Reaction cros_ _ectlons in a prob-

ing beam v_. energy:

dashed line: }If _ }t_" in collisions with

lt_ {O'a,,); solid line: }{_ • tt_ in collisions

with tl+; dash-dotted line: Ill° *tt_ in

collisions _,ith tl_ °.

assuming complete charge exchange

(with 100% pa_'ticipation of the beam

particles), which in our case is achieved

for plasma densities of 5"10 is cm -3.

If no magnetic field is impressed (or

the plasma is immersed in weak magnetic

fields), intere:;ting results can be obtained

by probing wilh a mixed beam of neutral

and charged p_rticles.

When hydr,,gen plasma is probed with

a proton bean-, no interactions are

observed with the ionized plasma com-

ponent (HI + ions), since neither the

probe nor the target particles carry any

electrons. H,)wever, the proton beam

will actively _' ense the neutral plasma

component (He and t_). These collisions

lead to charge exchange reactions

tll + _ I_ll , with a cross section of

i0-15 cm a .

Combined application of charged and neutral b,_ams will enable us to

determine the density of the charged and the neut "al components of a

plasma and to measure its degree of ionization.

* In princip'le, the probing beam may also collide with the ions H2 + an, HS +, If the relative content of the

components HI + and H i + is known, this effect can be taken into consi leration. However, the conditions

in plasma arc rather unfavorable for the existence of Hz + and Hs + ion:, and they are therefore neglected.

This is consistent with the experimental mass-spectroscopic data on tim composition of some plasmas.

The content of H2 + and Hs + ions never exceeds a few percent.
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Apparatus

Theproposedtechniquewasexperimentallyappliedonasetup,schemat-
ically shownin Figure2.

The setupcomprisestwo main units: a sourceof fast neutraland
chargedparticlesandasourceof purehydrogenplasma.

Thefastbeamwasgeneratedbyaniongun, comprisingahigh-frequency
ion source1 anda three-electrodeelectrostaticlens 2. Theprotons
contaminatingthebeamwereremovedin thechamberof the magnetic
massmonochromator3. Theintensityof thebeamemergingfrom the
massmonochromatorcouldbemeasuredwithatrap 4. Theprotonsfrom
themassmonochromatorwerefedinto thevacuumchamber5, whichwas
separatedfrom therest of theequipmentby channels6and7. In experi-
mentswithneutralbeams,thevacuumchamberwasfilled withhydrogen
to a pressureof _0.13N/m2.

FIGURE2. Aschematicdiagramofthesetup.

The protons were neutralized to hydrogen atoms by collision with the

gas. Through channel 7, the probing beam of fast particles was admitted

into the plasma region 8.

The plasma was created by a conical source with pulsed gas inlet 9.

The plasmoid generated by this source was directed through the

diaphragm 10 into the chamber 8, where it was intercepted by the fast

probing beam. The chamber 8 was immersed in a magnetic field

H= 159,000A/m set up by the coils Ii. The field //improved the trans-

mission of the plasmoid and simultaneously removed the charged particles

from the neutral beam.
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Thestreamof neutrals,afterencounterwith theplasmoid,reachedthe
detectorchamber13. Thedetectionwasbased(n thesecondaryelectrons
knockedout from theplate14bytheneutralbeazn.Theelectronswere
acceleratedto 20keVandthenhit a plasticscintllator 15,whoselumines-
cencewaspickedupbyaphotomultiplier17. Tkephotomultiplierwas
protectedby asteelscreen16,andits signalwasfeddirectly to an
oscilloscope.Theplasmawasprobedwithaprotonbeamwhenthemagnetic
field in thechamber8wasnil. TheII_atomsproducedby chargeexchange
with theplasmaweredetected,andtheremainingpassiveprotonswere
removedbythefield of theelectric condenser18interposedbetweenthe
chamber8 andthedetector.

Procedureandresults

Thefollowingconclusioncanbedrawnfrom ti_eForegoing:noreliable
dataontheparametersof plasmoidscanbeobtainedunlesswcare sure
thattheseplasmoidsare reasonablypure, i.e., contain no more than 20%

of heavy ion impurities. To establish the impur:ity content of the plasn_oid,

a Thomson mass analyzer was provided at the oLtlet of the chan_.ber 8. The

procedure developed in our laboratory enabled us to determine with fair

accuracy the percentage content of various ions in the plasmoids. The

results are listed in the table. We see from these figures that for low

plasma source voltages (_ 10keV), the plasmoid contain.s _90% of hydrogen

ions. This purity is highly satisfactory. The p'ocedure of mass .spectro-

scopic analysis is described in detail in /3/. Tile source volta_e in the,

probing of plasmoids with beams of fast particles was invariably 10-12 keV.

Content of lolls in a plasllloid,

92 1.1 0,2 2.6 Jl 2.8 03

(iI ',/n }

I

0t I LI i 11.2

L is one of the basic parameters entering for _mla (1), from which the

plasma densityn is calculated. This parameter is in fact the diameter of

the plasmoid traveling through the chamber 8. Fhis quantity was determined

experimentally using the plasmascope 12 fitted nto 1he end wall of the

chamber 8 (see Figure 2). This device, whose _tructure is described in

detail in /4,5], produces a visual display of the plasmoid. A photograph

taken off the plasmascope screen is shown in I,'i_'ure 3. The diameter of

the plasmoid in various modes of source operat on and in various magnetic

fields can be found from these photographs.

The first series of experiments with probing beams of neutral atomic

hydrogen H_l was carried out in order to establish whether the fast plasmoid

is separated from the trail of neutral gas (not i( nized by the discharge)

diffusing through the chamber.
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Controloscillogramsweretakenfor thecaseof afastneutralbeam
probinga streamof nonionizedgasforcedthroughthechamberwithout
sparking(Figure4). Thegaswasinjectedinto thesourcethrougha

pulsedvalve. Theoscillograrnsindicate
a certainattenuationof theneutralbea:-_
in thegasfor variousinflowsfron_
0.5cms (curveb)to 2-3cm3 (curvea)._:_
Weseefrom thefigurethattheattenua-
tionof theprobingbeamin thegasonly
starts some300psecafter thezeropoint
(1200_sectimebase),andreaches
noticeablevaluesonlyfor a largeinflow
of gasinto thesource,after 500_sec

(curve a).
The next series of curves (Figure

5, a,b, c) represents the encounter of

a probing beam with a plasrnoid. The

previous time base was retained

(1200psec). The photographs were again

FIGURE 3. A photograph of the plasmascope taken with the valve opened in varying

screen, degrees. Figure 5,a corresponds to a

small gas inflow, _0.5em 3. The hydro-

gen is then admitted in increasing amounts

into the source, and Figure 5,c corresponds to an abnormally large inf!ow

of gas, which is never realized under ordinary operating conditions. These

FIGURE 4. The attenuation of a probing H_ beam in a gas:

a) gas inflow ~ 4--5cmS; b) gas inflow ~ 0.5cm s.

experiments show that the fast plasmoid is essentially separated in space

from the slow nonionized trail, which moves with a velocity v,_103m]sec.

In the following, we concentrated on the parameters of the ionized head

only.

Figure 6 traces the attenuation of a neutral probing beam intercepting

the head of a plasmoid. This oscillograrn was obtained with a smaller

time base (_,190_sec), and it distinctly shows the signal front and the

head of the plasmoid. Experiments with a beam of protons H + of the

same energy intercepting a plasmoid in the absence of a magnetic field H

constituted a valuable addition to the probing of a plasrnoid with neutral

(There seems to be some confusion in the Russian origi.al_ curve (a) in Figure 4 corresponds to a gas inflow
_,4 -- 5 cm s, ]
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FIGURE 5. The attenuation of a probing H I b_am in a plasmoid:

a) gas inflow _ 1-0.bcma; b) gas inflow ~ 2cn3; c) gas inflow ~

4 - 5 cm 3 .

FIGURE 6. The attenuation of a neutralprobing )earn of H I atoms in

a plastnoid.

FIGURE ?. Tile attenuation of a probing beam of Hfat)his and ot a proton beam in

a plasmotd.
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beams. Figure 7 shows the attenuation of a charKed beam of II + (curve b),

as compared with the attenuation of a beam of neutrals (euYve a). As we

have previously observed, ti_e proton beam penetrates through tt_e ionized

I Y if/

FIGURE 8. A t),pical attenuanon curve of a prob-

ing H_ beam intercepting a plasmotd.

plasmoid without sensing the I[ + ions,

and the attenuation is mainly due to

charge exchange with th,' neutral

components of the pl;_smoid (t{ ° and

t_). The interaction witi_ the ions

II2+ and II3+ is m'g]c'cted, since their

mmtcnt in the plasn_oid is very low

(i-2%). The following conclusions

can be easily ma(h' fY(_ln :t eonlpai'Json

of the curves in l.'igur(, 7: the fast

plasma elected by the source breaks

up into two plasmoids, a very fasl,

fully ionized head with :_ density pPak

after some 7p, sec, and :2 s]ower, very ext{,nded c_,n_p_{'l_t grading into a

characteristic "tail" with a density peak :/ft(,r 35-40Ms{'c. The de_:re(, of

ionization m the second component falls off fr(,m 'rhcad" to "tail", where

the plasmoid blends with a nonionized <:_s cloud prop:_g:_tina by diffusion

(the sianal from this cloud w_ls re#istcyed in I"igur(' 4). This structure

is plotted in Figure 8. The ratio of the first and l}lc second naaxim:_ depends

on the source operating conditions aJ_d nn;ty b(' changed in eith{ Y direction.

Figure 9 shows the attenuation of a neutr:d l)cam for oper:_ting eon<tilions

characterized by diff(,rent ratios of the two p<':_ks. The density of the

plasmoids may be made as hiKh as 1015cm-a

FIGURE 9. The attenuation of a probing beam of tf_ atoms by a plasmoid

t-ordifferent source operating co lditio _.

a) gas hfflow ~ 0.5cma; b) ga_ inflow ~ 1 c]xa; c) gas inflm_ _ 2C[ll a,
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Note that undesirable cutoff occurs when a plasmoid is probed with a

becm of charged particles: very many of the beam particles collide with

the p]asnToid and are lost in the chan_ber without reaching the detector.

This is possibly due to the interaction of chargec particles with the plasma,

induction of spurious fields, and deflection of th_ probing particles from

th_i_' straight trajectory. The cutoff apparently zannot be attributed to

ordim ry scattering, since a neutral beam of the, same mass and energy

does not display considerable sc[_ttering

It is fairly difficult to estimate the percentag( penetration of the protons

through the plasma, and without this datum it is impossible to obtain

qm/ntitetive results on the attenuation of a proto_ beam in a plasmoid (the

experiments are regretfully all qualitative).

It foliows from the preceding timt beams of n_'utral particles, unaffected

by el_'ctric m_d magnetic fields, are clearly sup_,rior for purposes of plasma

d i:_no_tics,
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.,_N IhVESTIGATION OF A PLASMA SOURCE '_ ITH

A DRIFT MASS SPECTROMETER

In /1/ a method was proposed for mass and mergy analysis of the ions

in plasmoids. This method is adequate for investigating in detail the

performance of plasma sources, and in the pre_ent study we chose to deal

with Bostick's button-type source. The choice of this particular source

was main!_-determined by the simplicity of its tesign; furthermore, the

main fc,atures of acceleration by this source at_ _ common for all other

types of sources. This was the first applicatio_ of the new technique, and

we therefore concentrated on problems connect?d with the applicability

of the method to plasmoids.
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Apparatus and procedure

The apparatus for the analysis of plasmoids is schematically shown in

Figure 1. A hutton source /2,3/ made of plexiglas with tungsten electrodes

was used. This source is very simple to make and to operate, and the

main working characteristics of the button source are apparently common

for other sources also, e.g., the coaxial plasma gun [4]. A condenser

bank C=0.1_F, U= 18kVwas discharged through the plasma source. The

source was equipped with a rotating device 2, and its position relative to

the system axis could be varied within +90 ° .

\12 t ,,,,
-]8kV

FIGURE 1. Schematic of din setup.

The mass and energy spectra were obtained with a drift mass spectro-

meter. The plasmoid ejected by the source first passes through inlet

conical diaphragms 4, which admit a thin plasma beam. The plasma beam

then passes through a separating device 5, where the ion component of the

plasmoid is isolated; the beam is then directed to modulators 6,7 and is

energy-analyzed in the electrostatic analyzer 8. The detector comprises

an ion-electron converter 9 and a scintillation counter 10. The various

units of the apparatus are described in detail in ]1].

The electrostatic analyzer admits ions of one energy only, and therefore

if this category includes ions of different masses, they will traverse the

drift space in different times (all having different velocities), so that ions

of different masses are time-resolved at the analyzer outlet. To achieve

satisfactory mass-resolution, the difference in drift times of ions of

close masses should be greater than the length of the modulation pulse; we

therefore decided on modulation pulses 0.2/_see long for a drift length of

40 cm between the modulator and the detector.

The length of the ionic current signal, corresponding to the arrival of

ions of a given energy at the detector, depends on the time of their formation

in the source and on the time-resolution of the analyzer, which can be

written as

_t =vt i_ _, (1)

where At is the time-resolution of the system, ythe energy resolution

(y= 6% in our case), l drift length, M ion mass, Wi the energy of the ions.
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The'Atw_lssmall in therunic of relevantms."sesandenergies,andthe
]ength of th_ ionic current signal was therefore r]ainly d(,termip.ud by th,,.

time of formation of the ions it] the source.

fI(;URI: 2. At)pical mass spectrum el 320cV toils from a F asmotd (swcep5_scc/L'm).

A typical osciltogram of the cur'rent produced by 320eV ions presents

a succession of short pe:lks (l,'i_lll'e 2). The tin'e of formation of lhe ions

in the source, estimated from the htll{'-width of 1hose peaks, was found

to be 0.1-0.2/_sec. The data indic:ate that the ti]ne of ionization in the

source is much less than the disch:/rf{e period (7 = 1.6/_sec) alnd th:tt tin(,

pl:_smoid is mass-resolv('d when actuMly movin{ From the source to the,

modulator.

The particle nnass, or more precisely the ralio of the m:lss rote the

charge Z, is determiued l'rom the expression

,,, 2ku j__ ( 2 )
Z i" '

where k is a proporti_mality cocfficiellt rclatina hc particle energy wilh

the voltage applied to t}_c pl:qes of the electro.st; tic :malyzer; U, the

voltage applied to th,' pl:_tes of tit< cl(,clroatatic malbzcr; t t}l_' drift

time of the particle; / the drift len_4th.

Since the purticlcs ttre formed in a \cry shov: time, no mtditional

modulati, n is required :_nd the distance from th¢ plasm_ source to the

detector muy })e regarded as the drift lenath. T lis, however, illtroduces

some uncet'tainty in the (h't('vmitmlJon of the dr ft time, siP.c(" the exact

time of plasmoid cFeatiol/ relati_r to the source di.-4char_c (the so-called

start point) is unknown. A :mc, dula, tc, r eliminates this un(-eFlaJllty. "F}I('

tim(' is th(,kt reckoned t'_'_tll the modulati(m pulse, ,lud s[n('e the drift
rtt

length is exactly known, the ratio -2. is unqmbi=,uously found fronl (2).

On the other hun(t, givezl ._ Lind ;_ppIyingthe s:t ne relation (2), we may

calculate the drift time from the pulsed source t) the detector, thus

marking the start point of the various particles )n the' discI'arge current

osci]logram. The start point is l'ot/lld to }3(' the ;;/i]-i(' for :_ll the SOtli"cc
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particles, corresponding to the first quarter of the discharge period. It

is significant that the disci_arge currunl oscillogram (Figure 3) displays

a singularity at this point.

FIGURI{ 3. An 0scillogran] of thc source discharge current (sweep 0.5 _sec/cm).

lle!ation (2) can also be _pplied to t('st thP performance of the system.

"_ Z.., and/, the drift time is P, fut_ction ofU_ :t _ U,, _; thisI:o r co nst ant -z '

re]_tir)n wus :H)served with fair t_ccuracy for all the ion ]]]asses studied.

iCxperimental results

By varF'ing the voltage ;_ppli(_(t to the plates of the electrostatic analyzer,

we may obtain mass spectra at any energy, thus recovering the energy

spectra for particles of various masses, fCigurc 4 shows the energy spectra

of hydrogen for various modes of source operation. The ordinate gives, in

arbitrary units, a quantity which is proportional to the energy distribution

function, b'ig-ures 5,6 give the energs_ distribution for the ions of carbon

and oxygen.

IiWJ

I . I 1
I I I 1

0 2000 4000 6000 8000w,_,v

FIGURE 4. Energy distribution oftt + for different

source voltages:

1) U 17kV; 2) t'=14kV; g)& _ 10kV; 4) U 7RV.

]_wl
4

3 J

' ",/,k ',
_,,._..

0 250 500 ?_JO /000 12_0 7500w, _,v

FIGURE ,5. Energy dLstnbut[on of carbon ions:

l) "3+ _"_- - 4 C4+ _C " Z - ;2) ,_.=3:

C2 + _ + wlx) 'T'i;;4) c ,--i-= r_.
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It is remarkablethattwogroupsof particlesaredistinguishablein these
distributions: themaingroup,correspondingto anenergyof some100eV,
andabroaddistributionof fastparticleswithen,'rgiesof upto 10keV.
Sourcevoltageis theparameterof thedifferent,:urves. Thespectraof
fastparticlescontainnoparticleswithenergiesgreaterthantheapplied
voltage. Thefastgroupof particles is notobse_vedin theenergysq0ectra
of carbonandoxygen. Figure7 plots the mean energy of various masses

t_

as a function of_-. We see that the mean energy does not depend on the

particle species, being constant almost for all 'z'

f(w_
3

2 " _" #'%

0 _0 500 750 /000 12._ _w,•v

FIGURE (], Energy distribution of oxygen ions:

4. I_ o .)3+ 171
I)o ,T=16;_)_ ,T=5.:_3;

3) 2+ mO " T = _ '

[,eV

6O0

n

m

_=,_ 3 6}.J18 12 /6 6_ 91

FIGUI;E 7. The mean particle energy vs.

Z "

The rotating device was used to obtain the angJlar distributions of ions

of various masses and energies. Some results are shown in Figure 8,

which gives the angular distributions of hydrogen ions of different energies.

Analogous results were obtained for other ions also. It is characteristic

that fast ions form a narrower velocity cone than the slow ions. Therefore,

in a chamber without a magnetic field, the ratio between the number of

fast and slow ions will change continuously on ae(:ount of the higher rate

of loss of the slow ions to the chamber walls. The true energy spectrum

should thus be reconstructed by measuring the argular distributions of

the particles and integrating the number of parti(les of a given energy

for all the angles. Otherwise, gross errors are introduced. Indeed,

sim.e the velocity cone of the fast particles is na:'rower than that of the

slow particles, the penetration of the fast partiel._s through the diaphragm

is much higher.

We see from Figure 4 that the amount of fast particles decreases with

the decrease of source voltage more slowly than he amount of slow particles

does. This may point to a difference in the ionizition mechanisms of

fast and slow particles. Possible mechanisms ot formation of fast particles

are discussed, in particular, in /5,6/. Without _oing into this problem,

we only note that in our experiments there alway: was high correlation

between the detection of fast particles and the api,lication of high source

voltage; in other words, fast particles invariably form upon sparking,

when a high voltage is maintained across the spmk gap. Furthermore,

no ions with energies higher than the applied volt tge were observed, which

contradicts the concepts of ]5/.
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FIGURE_. Angular distribution of 1t + for various

energies:

1) _= 590eV; 2) W'= 1770cV; 3) 11;'- 5900eV

(scalc_ of curves '2 and 3 _tretched by a factor of

._ and 10, respectively).
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To study the influence of the discharge ]ength on the enerKy spectra, we

measured the energy/ distributions of particles with tile source triggered

by the capacitor bank and by a pulse-forming line.

Figure 9 shows two (m(,rgy spectra of tungsten ions obtained for equal

source currents with the aid of the capacitor bank (curve I) and a pulse-

1.5

I

0 250 50.1 750 1000 t2_ {. e V

FIGURE 9. The energy spectra of tungsten with

the source triggered by a condenser bank and by

a pulse- forming line.

forming line (curve 2). Condenser

parameters: C = O.l ktF, discharge

period 1.6gsec. The pulse-forming

lines generated square pulses 0.7_see

long. We see that the difference in

the energy spectra is Might, and since

the length of a plasmoid is mainly

determined by the spread of particle

velocities, application of short pulses

of source current will not produce short

plasmoids. This conclusion is con-

sistent with magnetic probe measure-

ments and transmission of a-cm

microwave signals.

It is thus established that the

creation and the acceleration of plasma

in a button source occur simultaneously,

both in a very short time. Since the particles have a broad spectrum of

velocities, the plasmoid spreads in the longitudina3 direction while traveling

away from the source. The length of the plasmoid is determined by the

spread of particle velocities only, a_:d therefore does not depend on the length
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of the source discharge. Since the mean ve]oeit es of different masses

decrease as the mass increases :} characteristia mass distribution is

established along the plasmoid. Light ions, in particular hydrogen,

predominate in the head, while the heavy ions concentrate in the tail. This

space distribution o[ iotas of different masses be.tomes more distinct as

the drift length incre:_ses. Wh(_n a plasmoid tra-'els in a fiehl-free space,

the slow ions having, a braod velocity cone are lost more rapidly.

We suggest that the picture of plasmoid crest:on and propagation en_erging

from the results of this work also applies to oth(r plasma sources with

electrodes, specifically to a coaxial plasma gun.
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MEASURING THE ENERGY OF PI,ASMOIDS WIT

THERMOPROBES

The total energy and the radial energy distribl tion of plasmoids can be

determined with _ therm.ocouple probe /1-4/, conprising a pickup (a plane

disk or a cylindrical tube) with a thermocouple st ldered to it.

For fairly extended plasmoids ',_, energy measl rements with a plane

thermocoup]e probe arc inaccurate. The reason is as follows. When th:,

head of the plasmoid hits a plane pickup, a chara:teristic plasma "cushion 'T

is formed, whose thickness increases in time; in other words, we have

here a reflected shock wave which propagates upstream. This "cushion"

screens the thermoprobe from the rest of the str _am, and the energy

readings obtained with the probe are too low. E_erg T measurements with

a probe provided with a sufficiently long cylindrit al pickup are much more

accurate, since the reflected shock wave propagates over distances less

than the cylinder length.

On the other hand, when a cylindrical thermopvobe immersed in a

plasma is used to measure the radial energy distPibution, the probethermo-

electric emf is determined not only by the probe ,:ross section, but also

* All the existing plasma guns create plasmoids with a length of about t meter.
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bytheentireoutersurfaceof thepickupin contactwith theplasma. This
is anothersourceof errors in absoluteenergymeasurements.

Theaimo1'thisworkwasto establishhowthedepthof thepickupand
screeningof its outer surfaceaffecttheaccuracyof themeasurementsby
thethermocouplemethod.

Theexperimentalsystemcompriseda plasmasourcewithelectrodes
/5/ and a glass vacuum chamber (a tube 9 cm in diameter) through which

the plasmoids traveled. The energy of the plasma stream was determined

Rel. un. / 2

2.0

,o//
0

/
/
f-

/f

2 3 t/d

The energy registered by the thermo-

couple as a function of pickup depth.

with probes along the axis of the vacuum

system; probes with different pickup length-

to-diameter ratios were used, namely a disk

/ =1,2,3. Thet = 0 and cylinders with 7twith }f

diameter of the disk and of the cylinders was

1.4cm; the copper foil from which thc pickups

were fabricated was 0.1ram thick. The outer

pickup surface was protected by a streamlined

(conical) screen.

The figure plots the energy registered by

the therrnocouple (in arbitrary units) as a

function of the pickup depth (the probe was set

at a distance of 20cm from the source, initial

source voltage lOkV). With screened thermo-

ccmples, the energy registered by the probe

I and then levels off for
first increases with _,

l
I >2. It seems that the energy readings obtained with d- = 3 are exact for-d

l
all practical purposes. The fractional energy picked up for -j=2,1,0 is

0.96, 0.70, and 0.36, respectively. With unscreened probes (curve 2),

the energy monotonically increases with pickup length; this is attributable

to the additional heating of the thermoprobes as the plasma hits the outer

surface of the cylinder. The slight difference in readings taken with

screened and unscreened disk thermocouples shows that the plasma also

hits the reverse (relative to the stream) side of the disk or the bottom

of the cylinder.

Similar curves were observed (to within 5-10%) in the entire range

of plasma energies (with the source voltage varying from 6 to 18 kV, at

distances of 5-50 cm from the source).

We thus see that in relative plasma energy measurements, a thermoprobe

with any pickup geometry may be used, providing the range of energy

values is not too large; in absolute measurements, however, screened

probes with a deep pickup are required. Excessively deep pickups are

nevertheless undesirable, since in this case the heat transfer from the

walls to the bottom of the cylinder is impeded.
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A.G.Belikov, V.P,Goncharenko, V.M.Mishchenko,

B.G.Safronov, and A.S. Slavnyi

CREATION OF FAST PLASMOIDS WITH A COAXIAL

SOURCE

Previous papers studying the performance of c( axial sources / 1-3/ reported

the possibility of creating plasmoids with veloei-ies of (4-8) • 107 cm/sec.

The present paper is a continuation of /3/. In distinction from /3/, we

concentrated on the parameters of a fast plasmotd and the conditions of its

creation. The variable parameters were the source voltage, the time delay

between the admission of gas through the valve into the intereleetrode gap

and the application of voltage to the electrodes, and the inflow of gas.

Apparatus

The apparatus is schematically shown in Figure 1. Length of accelerat-

ing electrodes 17.5cm. External diameter of the central electrode 32mm,

internal diameter of the outer electrode 72ram. The energy is stored in
a bank of nine IM 50/3 condensers with

$ 4 3 2 1

To vacuum C"©

FIGURE 1. Schematic of the setup:
1) electrodes; 2) insulator; 3) glass tube;
4) diamagnetic probes; 5) vacuum cl_amber.

a total capacIance of 27ttF. Each

condenser is coupled into the source

through a sp_ rk gap by eight coaxial

cables. Dis(harge period 9ttsec. The

gas is admitled into the interelectrode

gap by a high-speed valve through holes

in the centra electrode. The plasmoid

travels in a g]ass tube 95 mm in diameter,

where all the measurements are made.

Previous neasurements /3/ show

that maximal speeds are obtained for

the first plasmoid when the time between

the triggerin_,r of the valve and the

application of voltage to the electrodes is so sm_ll that the gas does not

expand far from the point of inlet, In this case, however, the plasma

carries a considerable content of impurities. Tlds is so because the

valve cannot admit a sufficient amount of gas in _ comparatively short

time. Special tests were made to ensure adequa:e gas inflow in a very

short time. By adjusting the strength of the blow on the anvil and raising
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the pressure in the plenum to6-105N/m 2, we ensured an inflow of 1-1.5cm

of gas (calculated for atmospheric pressure) in some 100_sec. Most of

the m_'asurements in this work were made for an inflow of 1 ema(3 • l019

particles). The valve remained open for 80/_sec. The admission of th(,

gas into the gap began some r= 170_sec after the hammer blow which

opened the valve. In the following, T i_ interpreted as the time between

valve triggering and the application of voltage to the source electrodes.

Deuterium was used as working gas.

Measurements of plasmoid parameters

The ionic component of the plasma was mass and energy analyzed with

Thomson's mass spectrometer with an extracting electric field set at a

distar, ce of 2.5m from the source. The voltage on the extracting electrode

was 17kV. Ten firings sufficed to obtain spectrograms suitable for photo-

merry. The particles were registered with MK nuclear photographic plate_.

Th, velocity of the plasmoids was determined from their drift tim,

between two diamagnetic probes. In our case, a diamagnetic probe was :_

100-turn coil immersed in a constant magnetic field of (5-8)' 103 A/re.

Probe separation 120cm. The first probe was set at a distance of 80cm

from the source, since at smaller distances the measurements were

complicated by th(, strong interference due to plasma currents.

The plasmoid density was regulated by watching the cutoff of an 8-ram

microwave signal at a distance of 80cm from the source.

The total energy of the plasma was also tentatively estimated v:ith a

calorimeter.

All measurements were made without the drivin_ magnetic field.

Results of measurements

The mass spectrometer was used to take spectrograms in different modes

of source operation. Figures 2 and 3 give the distribution of photographic

density along the deuterium parabolas. The source voltage t_s(Figure 2)

and the delay r (Figure 3) are used as the parameters. \Ve see from

Figure 2 that the energy of the ions E may reach 20keV. As a character-

istic quantity, we chose the energy of the ions producing maximum density

on the photographic plates. Figure 4 gives the energy corresponding to

maximum density as a function of delay. All the foregoing curves pertain

to the first plasmoid. The peak energies are observed for delay times of

200-250_sec. If the delay is less than 170/_sec, the voltage is maintained

on the electrodes until enough gas has been admitted into the gap for spark-

ing. In this case, the slow plasmoid prevails, and the amount of fast

particles is negligible.

Diamagnetic probe measurements show that a slow plasmoid accompanies

the fast one. Figure 5 is a sequence of diamagnetic signals from a probe

set at a distance of 80cm from the source. These signals give a picture

of the variation of the amplitude ratio of the first and the second plasmoids
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withdelaytime. Theamplitudeof thesignalpr,)ducedbytheleading
plasmoidfor"smalldelaytimesis severaltimeshigherthantheamplitude
of thetrailing plasmoid.As thedelayincrease_,,thesignalsof thefirst

0.1

0 4 8 t2 16 20Lk_v

FIGURE 2. Distributionofdensity

along the deuterium parabolas

for various source voltages:
1) 10kV; 2) 12kV; 3) 15kV;

4) 17kV; 5) 20kV.

/2

 'rlgx
0 4 ,8 f2 '_ 20[ keV

FIGURE 3. DistributionofdemLty along

deuterit_m parabolas for various delay

times:

1) 2201_sec; 2) 240,usec; 3) 270_sec;

4) 300lsec; 5) 350/_sec; 6) 400#see.

[, kcV

0

200 240 288 320 360 _70 t, . _ec

FIGURE 4. The energy correspondi lg
to maxLmum photographic density s

a function of delay for various sour, e

voltages:

I) 10kV; 2) 15kV; 3) 20kV.

and the second plasmoids approach each other, Jnerging into a single peak

for large delay times. This behavior is qualitat vely confirmed by mass-

spectrometric results. The amount of slow ions increases with delay time;

for small delay times, there are cases when onl¢ fast ions are observed,

while for large delay times no fast ions are present at all.

Figure 6 gives the velocity v of the first plasmoid as a function of the

w)ltage Us applied to the source. This curve wa,' calculated from the energy

corresponding to maximum photographic density and measured independently

from the half-fronts of the diamagnetic signals. Each point is an average

often readings. The statistical error in diamagnetic measurements does
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FIGURE 5. Diamagnetic signals for various delay times:

1) 240_sec; 2) 270_sec; 3) 3,_0usec; 4) 700gsec.

not exceed 10%. The velocity variation obtained from mass-spectroscopic

measurements is thus confirmed by diamagnetic probes,

The velocity of the second plasmold, as determined from diamagnetic

measurements, varies from 5"106 era/see for smalldelay times to

(8-9) • 106 era/see for large delays.

A typical oscillogram of the diamagnetic signal for the first plasmoid,

picked up by probes at distances of 80 and 200 em from the source is shown

in Figure 7. The first signal has a steep front, while the second signal

is blurred, which points to a spread of the plnsmoid in the direction of
mot ion,

With small delay times, when the first plasmoid prevails, thc, energy

of the impurity ions is greater than 50k(_V. The content of impurities is

difficult to determine since no calibration data arc available for the photo-

graphic plates at these energies. The velocity of the impurities, however,

is less than the velocity of deuterium; in particular, for deuterium ion

velocities of 9"107 cm/sec, the velocity of carbon ions is 5"107 cm]sec

and oC copper ions 3.5 • 107 era/see. The head of the plasmoid is apparently

fairly pure at some distance from the source.

As we have previously observed the total inflow of gas per one pulse

is 1 cm 3 (atmospheric pressure). I_educing the gas inflow increases the
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impurity content considerably, while an increa.,e of gas inflow lowers the

velocity: this is obviously due to the increase in the accelerating mass.

The cutoff of the _-ram signals occurs simul-
v. 10" ¢ Hl$ct

tO

6

4

2

F1GUE_E _;. Plash]old velocity vs.

SOl:rCk VO_Li_k :

O k_L_iIH4:_lttt[_ prot-,cS; • [IlaS$-

Slk_CIFO_FalllS,

taneously with the diamagnetic signal from

the first plasmoic.

The total ener[;y of the plasmoids was

measured with a calorimeter. To ensure

maximal aecomocation of energy by the'

calorimeter, it must have a largeL/l) ratio,

where L is the length and Dthe diameter.

The calorimeter was provided with a conical

bottom, to reduce the effects connected with

the shock wave which formed when the plasmoid

was reflected. The calorimeter was made

from copper foil 0.2mm thick, weighing 125g,

L=20cm andD=rlcm. Measurements were

made at a distance of 90 cm from the source.

The heating of th( calorimeter was measured

with a chromelcopel thermocouple. The results for a 240/_see delay are

listed in tM. table. Each figure is the average of numerous readings.

i [¢;{rl¢E 7. /ui oscillogran/ ot dian/agnctic signals f) 3nl the tirst plasnlotd:

top - ,',0 cnl lrom /be sour_ c. bottolll - '2'01)crli _ro: 1 the source.

i

L_ [ 1"20
Z(1 -It;0

The variation of pla_;ma energy with the distance

from the source is plot ed in Ieigure 8. The corres-

ponding measurements were made with a small

calorimeter along the ._ystem axis.
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Discuss ion of results

Me:_surements show that the first plasmoid may move with velocities

of up to (8-9).107 era/see. It is interesting to estimate the r:_tio of t}w

number of particles in the first and the second plasrnoids.

The methods used do not give an unambiguous answer. The _nass

spectrometer analyzes the plasma at a distance of 2.5 m from the source.

If we remember that the veloc ities of the two plasmoids differ utmost by

one order of magnitude, and each plasmoid may have its own rate of

spread, it is obvious that the ratio of the number of particles in th., first

and the second pl_smoids measured at this distance from the source does

not reflect th(' true picture. On th( oth(_r it:rod, tmalysis ut sm:_ller

distances may be eomplic':_ted by the "cushion", which forms ill _/ dense

plasma a_(] impedes the peuctration of particles through the diaphragm.

Note that the density of the first pl_s_noid at _h(" position of the m_ss almlyzer

is less than 1012 cn1-3. The error introduced in the, :_lmlysis of the first

plasmoid is therefore insignificant.

The amplitude of the diamagnetic signal is mainly determined by the

translational velocity of the plasmoLd, The concentration of particles in

the two plasmoids tlmreforc cannot be estimated with the diamagnetic

probes. As regards the second plasmoid, we know that the number of

particles in it increases with the delay tim(?. This follows from the mass

spectrograms (a considerable increase in the content of stow ions) and

from the diamagnetic signals (lengthening of the plasmoid).

The nun_ber of particles in the first plasmoid can be crudely estimated

as follows. If we assume that the contrihution of the second plasmoid and

of the fast impurities to the total energy" is negligible, then for t = 15kV,

r=2401asec, we h;_ve W=120J, :,=8"107 cm/sec. Itcnce,

W 120 . 10; , 2
N--- - i0 _7

-- mu2 1.67. I0 -_4. I0 I_. 64 2 '

2

The width of the diamagnetic signal at the point where the total energy is

estimated, A¢= 1.5-2/zsec. Plasma guide cross sectionS= 60cm 2. Assum-

ing thut th(. particles arc dislributed over the entire cross section, we

obtain for the, volume occupied by the particles at a distanee of 90 cm

_"_ Atgt,:= 2, 10 "- 8. 10: - 60 _ 10_ c'm 3.
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Since the cutoff of the 8-mm microwave signll occurs at this point

(n = 1.7'1013 cm-3), the number of particles in _he first plasrnoid is

nV_ 10 _. 10_= lOlL

The density of the second plasmoid should be g_eater at least by one order

of magnitude to make a noticeable contribution :o the total energy. The

amount of energy carried by the second plasmoid is variable, since its

velocity may change between successive measurements. This is obvious

from Figure 9, which is a superposition of five diamagnetic signals obtained

in five successive firings. The signals of the first plasrnoid overlap fairly

well, although there is a certain spread of amplitudes.

FIGURE 9. Diamagnetic probe si_naB.

Conclusions

I. Conditions have been established for th ._ creation of plasmoids with

velocities of (8-9) "107 cm/sec and densities c,f not less than i0 _ crn -3

with a coaxial source.

2. Mass spectroscopy has established tha _ the particles in the plasmoid

are distributed in awide range of energies, tile mean energy of deuterium

ions being 8keV, the peak energy reaching 20keV.

3. The total number of fast ions in the plasmoid has been estimated.

BIBLIOGRAPHY

1. MARSHALL,J. Plasma Acceleration, pp. 60-72.-Calif. Uni,. Press. ]960

2. MARSHALL,J. and T.STRATTON.-Ntlcl. Fthstol_SL_ppL, Par, 2, 663. 1962.

3. BELJKOV, A.G., V.P, GONCFIARENKO, V.M, MISHCHENKO, LG. SAFRONOV, andA.S. SLAVNYI.-

In: "Fizika plazmy i problem)' upravlyaemogo termoyad _.rnogo sinteza", 3:255. Kiev, Izdatel'stvo
AN UkrSSR. 1963.

218



A.A.Kalmykov,S.A.Trubchaninov,V.A.Naboka,
andL. A.Zlatopol'skii

ENERGYSPECTRAANDTIIE STRUCTUREOFPLASMOIDS
INA COAXIALPLASMASOURCE

In [1,2] a method was developed for taking the energy and mass spectra

of ions in plasmoids and it was applied to investigate some properties of

plasma guns, in particular conical and button sources. It would be

interesting to make similar measurements for other sources, e.g., the

coaxial plasma gun /3,4/.

These investigations give information on the mechanism of plasma

acceleration in the source and, furthermore, provide detailed data on the

composition and structure of plasmoids. All this is highly important for

some problems connected with the injection of plasmoids into magnetic

traps of various geometries.

Apparatus and procedure

The measurements were made with a coaxial gun having the following

parameters:

[ =17.5cm, b =1.76'107 H/m, T =7_sec,

D = 7.5cm, L0 =0,1pH, IV --600-2400J,

d = 3cm, U -- 10-20kV, C = 121_F,

where l the length of the gun; D, d the diameter's of the external and the

internal electrodes; b inductance per unit length; t0 parasitic inductarce

of the circuit; Uvoltage applied to the condenser bank; : the discharge

period; W energy stored; C capacitance of the bank.

Hydrogen was admitted into the system through a pulsed valve, in

amounts of 10 "6 m s at atmospheric pressure (the pressure in the plenum

was approximately 58.84 .104 N/mS). The energy and the mass spectra

of the plasma ions were analyzed with a system described in /1/. The

Radiating microwave horns I _ _,

_

_ A -20kv

7111" I,r- i li
_'- I To pump "

Receiving microwave horm To pump

FIGURE 1. Schematic diagram of the setup.
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velocityandthedensityof theplasmawascontrMledbyprobingwith
microwavesignalsatwavelengthsof 3cmand8mmandby recordingthe
plasmaglowwitha pbotomultiplier.

Thegenerallayoutof theapparatusis shownin Figure1. Themass
andtheenergyspectraweretakenatvariousdistancesfrom thesource.
Theplasmoidsejectedbythesourcetraveleddownaglasstube80mmin
diameterand1.5mlong;nomagneticfieldswereimpressed.Thedischarge
currentwaspickedupwitha Rogowskyloop.

Analysisof massandenergyspectra

Sincethesystemoperatesin apulsedmode,theplasmais naturally
modulatedin time. If weseparateparticlesof oneenergyandensure
satisfactorymassresolutionin thedrift space,the lengthof thepeaks
correspondsto thetimeof ionizationandaccel_rationof theparticlesin
source(providednoadditionalmodulationis ap,_lied).

L-'igure2 showsmassspectraof particlesw:thenergiesW,= 600eV,

W.= 3600eV, and an oscillogramofthediseharg_ current. We see that the

p_ks _ r'_, fai fly narrow. To find the time of ioniz _tion in the source, we must

consider the time-resolution of the apparatus. In the range of energies

employed in our tests, the half-width of the pe_ks was of the same order

of magnitude as the instrumental resolution, aid we therefore could only

determine the lower bound of the time of ioniza:ion. This lower bound

gave approximately 0.3-0.Spsec. Thus, given the energy and the mass

of the particles, we can calculate the start poirt, i.e., the time of

ejr.ction of the p_rti_'l_s from the source, from the drift time, The start

poit_t was found to be the same for ions of diffe-ent masses and energies,

coinciding with the singular point on the currert oscillogram (Figure 2).

FIGURE 2. Mas_ spectra and the dlscha;ge current:

a) discharge current, period 7 Nec; b) m _ss spectrum

w ith _1,'_ : 600 eV; c) mass _pcctrum with ;'l = 3600 eV.
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This singularity is very pronounced for small delays between the admission

of gas and the sparking of the source. It therefore seems that ions of

all masses and energies participating in the fast component of the plasrnoid

are formed in a very short time (that is, short in comparison with the

discharge period of the source). Using a high-gain detector, we may

pick up ions of low energies also, but no such time modulation is observed

in this case: these ions apparently form in a time which is comparable

with the total duration of the discharge,

Ions of different masses and charges were observed in the mass spectra,

e.g., H +, C 3+, C 2+, C +, F 3+, F 2+, F +, N 3+, N 2+, N +, O 2+, O +, and

others. To be more precise, we could only determine the m]z ratio,

while exact identification of the ions required additional analysis. The

impurities are decomposition products of the diffusion pump oil and of

the insulators (in the source and tile pulsed valve). The content of im-

purities can apparantly be lowered by improving the design of the source.

At present, the plasma carries as much as 20% of impurities.

The energy spectra of protons were studied as a function of the delay

time between the triggering of the valve and the application of voltage

to the source. Figure 3 plots the energy spectra of protons for various

dc,_a_y times (source voltage 12kV). The distance between the source and

the a_aalyzer is 3.6m. The peak of the distribution curve shifts in the

W

/%
_0

0 5000 I0000 v,,,¢V

FIGURE 3. En_L_y spectra of protons for various

dcia); tim_,s [x2twccn gas admission and sparking:,
-_- 2701_cc; --O--300_C¢;--A--450[lSC_;

direction of higher energies as the delay time decreases; the number of

particles in the high-energy part of the spectrum increases. These changes

are not too pronounced for delay times of 260-450/_sec, but for large

delay times the entire spectrum above 200eV is cut off. Figure 4 shows

the energy spectra of protons for various source voltages (and a constant

delay _-- 350/_sec). We see that the number of fast particles increases

with voltage, but the peak of the distribution curve shifts only between

2 and 3keV as the source voltage is raised from I0 to 18kV.

A delay of 350/_sec is in a certain sense optimal, both as regards the

number of fast particles and their energy.

It is remarkable that energy spectra taken at a distance of 3.6m from

the source show no particles with energy less than 600eV, although

these low-energy particles are detected by other methods.
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In /2/ the angular distribution of ions of different energies was studied

for a button source and it was shown that high-energy ions formed a narrow

beam in the velocity space, while the slow ions moved in a very broad cone,

virtually with an isotropic distribution. Therefore, when a plasmoid moves

through a vacuum chamber, the slow ions are lest much faster, and the

_lasmoid is correspondingly enriched in fast ior:s. In our case we apparently

have a similar situation. A study of energy spectra, taken at various

distances from the source confirms this suggestion.

2O0
6O

4O

r00

2o _, _ q--_..r2" . 5o

0 5000 70880 tNOO W ev

\

\
\

1000 _00 3000 z_O0 _eV

FIGURE 4. Energy spectra of protons for various source

vo rages:

-lh- 12kV; --X--14kV; --O--16kV.

FIGURE 5. Energy spectra of protons

at different distances from the source:

-©-260 cm; -z-- 360cm.

Figure 5 shows energy spectra of protons (U-- 12kV, T=350_sec) taken

at different distances from the source. The spectra coincide in the high-

energy region, sharply diverging in the range cf low energies. This is

obviously consistent with the" above remarks ondifferent angular distributions

for ions of different energies.

An analysis of the impurity energy spectra chows that the spectra are

peaked approximately around the same energy _s the proton spectra, so

that the protons and the impurity ions have wid _ly different velocities.

This spread of velocities leads to a separation of protons and impurity

ions as the plasmoid travels along the system, which may become quite

substantial if the drift space is large enough, fhis presents certain

possibilities in connection with the separation of impurities from plasma.

Microwave measurements

The density of the plasma and the mean miccoscopic velocity were

determined by probing with microwave signals SignaIs of 3-cm and 8-ram

wavelengths were used. The oscillogram (Figlre 6) shows the cutoff of

the 8-ram signal for various distanees of the __ icrowave antennas from

the source. The occurrence of two distinct cuoffs corresponding to two

different plasmoids - the fast and the slow - i_ a characteristic feature

of these oseillograms. For distances of _l.SJn from the source, the

two plasmoids constitute two separate entities in space, which produce

two cutoffs at the 8-ram wavelength; this resolution, however, is not

observed with the 3-cm signal. The velocity cf the fast plasmoid measured

by the microwave technique is in good agreem,:nt with the average velocity
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of the particles obtained from the energy spectra at the same distance

from the source. This comparison was made for several source-pickup

distances Microwave measurements show the plasmoid to be denser than

1019 m -3. Measurements made with a photomultiplier show that the fast

plasmoid is not luminous, which is apparently due to its being fully ionized;

the slow plasmoid produces considerable glow.

FIGURE6. The cutoff of an 8-ram signal in a plasma

The total number of particles in the fast plasmoid and its energy can

be ca:eulated from the energy spectra and the cutoff of microwave signals.

Corresponding ealeul_tions give (6-7)'1016 particles in the fast component,

as compared with the 10ragas particles injected into the source. Energy

calculations show that the fast plasmoid is much more energetic than the
slow one.

Discussion of results

Our results give the following picture of plasma creation and acceleration.

The bulk of the gas is ionized and accelerated in a very short time (in

comparison with the discharge period). Since the particles have abroad

velocity spectrum, the plasmoid is stretched longitudinally; the fast

particles concentrate in the head of the plasmoid, the slower particles

move in a tail. The heavier ions are the slower ones, so that as the

plasmoid moves through the plasma guide, the hydrogen ions are spatially

separated from the impurities. The peculiar angular distribution of ions

of different energies in a field-free space enhances the loss of slow ions.

A weakly ionized stream of plasma trails behind the pIasmoid with a

velocity of some 10 4 m/see. This plasma is ejected during the entire

lifetime of the discharge in the source.

The source may operate in two radically different modes, which are

mainly determined by the delay between the triggering of the valve and

the sparking of the source. For large delay times, the source creates

plasmoids with velocities of 10 5 m/see, and the mechanism of acceleration

is apparently consistent with the basic notions developed in ]5/. For small

delay times, the plasmoid has avelocity of 6.10 5 - 10 6 m/see. The

energy spectrum of the particles of the fast plasmoid is insensitive to

source voltage or capacitance, the critical parameter being the delay

time, i.e., the inflow of gas prior to sparking. This, taken in conjunction

with the very short ionization time of the particles in the source, suggests
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a slightly different acceleration mechanism from that proposed in /5/,

which is apparently connected with the actual pro__ess of gas breakdown.
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THE GEOMETRY OF ELECTRODES AND ITS INFLUENCE

ON THE PARAMETERS OF A PLASMA IN A COAXIAL GUN

Various papers have recently been published 1-5/ dealing with plasmoids

created by coaxial guns. These investigations h_ve shown that these

plasmoids may contain 1017-1019 charged partictes, moving with velocities

of (1-8)'10 s m/see. The plasmoids are highly ignized, but carry a

substantial amount of impurities, especially in tim slow component (up

to 60%). The impurities are mainly decomposition products of the electrodes

and the insulators. In all the studies dealing with coaxial sources, the

electrodes are generally prepared from copper (ylinders, although it is

well known that brass and copper are among the materials which are very

easily broken by discharge. Moreover, the somces have roughly constant

geometrical dimensions, and the electric param.._ters of the discharge

circuit vary but little from paper to paper, so that the discharge period

is always approximately equal to 10/asee. The i lsignificant variations

in the geometrical and the electrical parameters clearly make it impossible

to establish the influence of these factors on the properties of the plasmoids.

It seems reasonable, however, that the qualitatiie and the quantitative

composition of the plasmoids should change if th ,_ source is made of a

different material or if the parameters of the co 1denser bank are altered.

With this point in view, we proceeded to invet;tigate the influence of

the above factors on the parameters of the plasn_oids. The main emphasis,

however, was placed on the effects due to the ge)metrical dimensions,

in particular, the length of the central electrode
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Apparatus

A schematicdiagramof tile setupis shownin Figure'1. Theplasma
acceleratorconsistedof twocoaxialstainless-steelcylinders. Theinternal
diameterof theoutercylinderwas0.054m,its length0.25m;theexternal
diameterof thecentralelectrode0.02m. Thedi._tancefrom th_gasinlet
to theendof thecentralelectrodevariedfrtm 0.018mto 0.1375m. A
capacitorbankof eightKIM-5condenserswith atota!capacitanceof 4/zF
wasdischargedthroughtheplasmaaccelerator. Thebankwaschargedto
aw_ltageof 20kV. Workingvoltage19kV. Thegaswasadmittedintothe'
interelectrodegapthroughaholein the innerelectrede;a pulsedvalve
wasused,ensuringinflowof 10-6m3of gasat atmosphericpressure.
tIydrogenwasemployedastheworkinggasin ore'experiments.Thevalve
wasactuatedby acapacitorbankof twoIM-150condenserswitha total
capacitanceof 300/_F.Valvevoltage2.5kV. Theplasmoidsmovedthrough
aglasstube0.1min diameter,joiningthesourcewitha Thomsonmass
spectrometer.

3 2 1

S
P

Plate To pump Gas inlet

FIGURE 1. Schematic diagram of the apparatus:

1) coaxial gun; 2) tube joining the source with

tile ]31a5S ;tnaiyzcr; 3) lilaCS Llllalyzcr.

Proceciure and results

The plasmoid parameters were determined by mass spectrescopy with

an extracting electric field and by microwave cutoff technique.

The former method gives the mass and the enerKy distribution of tt_e

ionic component of the plnsmoid. In these experiments, the mass spectro-

graph was set at a distance of 1.Sin from the source, the voltage applied

to the extracting electrode was 20kV. The particles were recorded with

MK photographic plates. The electron density was estimated from the

cutoff of an 8-mm microwave signal probing the plasma at a distance of

0.?m from the source. All measurements were made without any driving

magnetic field.

Mass spectrograms of the ionic component were taken for different

modes of source operation. The length of the inner electrode and the

delay between the discharge of the valve-actuating bank and the discharge

of the source capacitors were the variable quantities. The central electrode

had the following lengths: 0.018, 0.039.5, 0.0675, 0.1015, and 0.1375m.

The delay times varied from 220 to 600/_sec. The source displays two

modes of operation in this interval of delay times. The first mode obtains

for small delay times: it is characterized by the creation of two plasmoids

with different velocities. The fast plasmoid moves with velocities of

(6-8) • 105 m/sec, and the slow plasmoid 105 m/see. When the delay is
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made greater than 300psec, the fast plasmoid vanishes, and only the slow

component is observed. This interval of delay imes represents the second

mode of source operation. Since the creation opure, fast plasmoids is

the main object faced by the researchers, we concentrated on the first

mode of source operation, where fast particles are generated. The delay

times were chosen in the 220-300psee interval. The upper boundary of

this interval corresponds to the longest delay foe which fast particles are

yet observed; the lower boundary is the smalleat possible delay for which

sparking occurs.

FIGURE2. Photomicrogram of the ionic compon_'nt ofa plasmoid:

250_scc delay, 0.0325m electrode.

We studied the energy distribution, the mass composition, and the

number of fast particles in plasmoids. Figure ', shows typical photomicro-

grams of the ionic component of a plasmoid. W_ see that, besides hydrogen,

the plasmoid carries impurity ions (F, Fe, C). The energy distribution

of the hydrogen ions for electrode lengths of 0.0325 and 0.1375m are shown

in Figures 3 and 4. These curves are bimodal, the two peaks corresponding

to the slow and the fast plasmoids, respectively A comparison of the

curve shows that the number of particles of any given energy decreases

as the electrode is made longer (the delay being constant). Figure 5

plots the variation of the mean energy of hydrogm ions with the length of

the central electrode, calculated from the energy distribution curves (see

Figures 3,4). We see from Figure 5 that for sh _rt electrodes (less than

0.04m), the mean particle energy increases as he delay is raised from

220 to 250psec. If the electrode length is changed, maintaining a constant

delay time, the curve of the mean particle ener_y passes through a max-

imum for electrode lengths of 0.2-0.4 m, and th.m falls off smoothly. For

a 250psec delay, the peak is slightly displaced in the direction of even

smaller lengths, and the mean energy decrease_, fairly sharply with the

increase of electrode length.
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FIGURE 5. Mean energy vs. electrode length

for various delay times T:

x-- 22!)/_sec; O-230/_sec; O-260,usec.
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FIGURE 4. Energy distribution of hydrogen

ions for 0.1375nl electrode length and

different delay times r:

O-- 230/_scc; X --2.5011scc.
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FIGURE 6. The total number of hydrogen ions

as a function of the electrode length for various

delay times _:

x--230/lsec; O--250/_sec.
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FIGURE 7. Percentage content of hydrogen

as a function of the electrode length for

various delay thncs T:

• --220/1scc; x -- 230/_scc; O -- 300/_scc.
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Figure 6 gives the total numb_,r of hydrogen i( ns as a function of the

electrode length. We see that the eurv('s _re bir_odal, the amplitude of

the pea_hs increasing as the delay time decreases. The number of fast

p:zrticl(,s e.s .u function of the electrode h,ngth dtf'ers for different delay

limes. The f_st particles are the most ;_bundant for 220-250_sec delay

with an 0.0325m central electrode. The percentage content of hydrogen

us _: function of the electrode length is shown in Figure 7 for various delay

tin_,es. We sec from this figure tlu_t the percentage content of hydrogen

ions in the p!_:smoid reaches substtmti;_! va}ues. It [s only for the 300_sec

(h'l_'," theft it i_ less th_in 50%. .ks w(' have already observed, the principal

impu_'ities in the plvsmoid are the ions detached from the insulator and the

e_ectrode. This in particular [ollows from the f_ct that in systems employ-

ing a I)lexi_;ns insuh_tor the pl:_smoid contained ons of hydrogen, carbon,

oxyKen , Hitrogen. and iron. When the plexig]as insulator was replaced

with a Tefloninsulntor, virtually no nitrogen and oxygen impurities were

observed. The rem:_ining impurity ions were F,,,F,C.

l_l .4rnoid (h,n_ities nf not ](,.ss lh;_n 1.7 • 1019 ra -3 w(2re obtained from the

cutoff o_ z_;! 8-ram sign;_I. Figure 8 is an oscillogram of the cutoff for a

300 Msec delay.

}:IGUPd: * Osctli_>[,_ {d [1_ d.i>cha!.,_ <urkr, t (_,_j",) :lnd _l_lic 8-r ,Ill >i_mi[ <moll al ¢1

,li_[aib C I!! 17 !:, {rill_ _}1c _otlr{c (h_tloll,).

DiP;('u:,_sion o[" re;qtllls

The Pm,r_y of hydrogen ions nlt)Llsurod in /31 was 4--5 keV, the, density

of chirr Seal }),rticles in th(' p]nsmoid x_r;{S great¢r than 1019 m -a . In our

cxperinmnls, the discharge p(,ri{)d is I/a of th;t in /3/, and the capacitance
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of the condenser bank is i/6 of the corresponding parameter in the earlier

work, but the plasmoids nevertheless have densities of over 1019 m -3 and

a mean energy of 3keV for hydrogen ions. We may thus conclude that at

least this difference in the parameters of the discharge circuits has no

influence on the properties of the plasmoids.

The plasma is contaminated with heavy ions because the electrodes and

the insulators break on sparking. To reduce the impurity content, the

source should apparently be redesigned so that the plasma does not touch

the insulator. Furthermore, the source electrodes must be fabricated

from a more durable material.

We have mentioned that the source may operate in two modes, character-

ized by different delay times between the triggering of the valve and the

sparking of the source. In the second mode, when the delay is greater than

300_sec, the source mainly creates slow plasma with velocities not exceed-

ing 10 s m/sec. In the first mode, with delay times of 220-330_sec, the

average velocity of the plasmoid reaches 8 • I05 m/sec for short accelerating

electrodes (0.03-0.04m). As the electrode is made longer, the average.

velocity decreases. The theoretical calculations of /6/ in application to

our system with an 0.04 m electrode give a velocity of some 2" 105 m/see.

This is approxim_tely 1/4 of the experimental figure. We thus conclude

that in the first mode of source operation the pk_smoids are accelerated

by a mechanism different from that proposed in /6/. The exact nature

of this mechanism, however, is not clear.
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I.M.Zolototrubov, V.A. Kiselev, and Yu.M.Novikov

INVESTIGATION OF PItOCESSES IN A COAXIAL

PLASMA SOURCE

The wide application of coaxial-type plasma guns led various specialists

/1-5/ to investigate the mechanism of plasma acceleration in coaxial

systems. In /1-4/ it is suggested that the ionized gas is driven by the
H2

force of magnetic pressure &T' where tlis the magnetic field set up by the
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current flowing in the center conductor. With this r leehanism of acceleration,

the plasma can be expected to leave the gun as a corr pact "blob" with an insignif-

icant spread of particle velocities, whose densit-" is higher than the original

density of the neutral gas. Experiments show, _owever, that the plasmoids

produced by coaxial sources have a considerable longitudinal extent.

On the other hand, in/5/it is shown that sparkin_ in the interelectrode gap

produces athin sheet current which is driven by eleetrodynamic forces through

the neutral gas taking the form of a shock wave. All this indicates that the per-

formance of the coaxial plasma gas, which is inherently a simple device,

requires further study. In the present paper we give the results of an

experiment carried out with the aim of establish ng what processes actually

ocmur in a coaxial system.

Description of experiment

The experimental setup is shown in Figure l; its principal parameters

are listed below:

Dianlcter of external electrode ........... 65 mm

I)Jamcter of center c/corrode ............ 80ran/

Length of electrodes ................ 660 mm

Total inductance of dischaxgc circuit ........ 0.211 gH

Maximum inductance o/ the gun .......... 0.089/IH

('apacirancc of coudcnscr bank ........... 12_IF

V(lItagc ..................... 20kV

Maximum discharge current ............ 105 kA

Half-period of current ............... 5.0/_sec
Initml vacuum .................. 133,322 '10-SN/m _:

Volume of ,<as admitted into the gun (calculated

for atmospheric pressure) ........... 0._5cm a

The gun is made of two coaxial copper electr)des separated at one end

by a ceramic insulator. Since we were interest}d in processes which

occurred within a single half-period of the discl-arge current, we artificially

increased the damping of the discharge circuit, comprising the capacitance

C t and the sum inductance of the system. To t_is end, a serial resistance

was coupled into the circuit, chosen so as to minimize the current amplitude

in the second and later half-periods. The resistor was prepared from

iengths of RK-50 coaxial cable, whose center c(nductor had been replaced

with a nichrome wire 2ram in diameter. The v,)ltage from the condenser

bank was impressed through a vacuum spark ga ) on the gun electrodes

by means of twelve such lengths of cable, connected in parallel. Each

length of cable measured 1.Sin, the total resistmce was 0.077ohn.

The interelectrode gap of the gun was filled _dth a gas, admitted in

rated pulses through a high-speed electrodynamic vacuum valve, described

in /6/. The valve was joined with the gun by a ength of piping halfway along

the external electrode. The distribution of gas density along the gun was

not measured, but according to the data in /2,5. , the neutral gas probably

expanded at a rate equal to the thermal velocity of its molecules. For

hydrogen, the velocity is 1"103 m/see; the delay between the time

when the valve began to open and the applieatior of voltage to the source

electrodes was 200_sec, so that the gas expanded some 20era in either
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direction from the inlet. The sparking therefore occurred far from the

insulator and far from the gun muzzle.

2 5

FIGURE 1. Schematic diagram of the setup:

1) gun; 2) vacuum system; 8) electrodynamic valve;

4) igniter electrode; 5) magnetic probe; 6) insulator.

An igniter electrode is fitted in the external electrode at a distance of

23cm from the muzzle. The igniter electrode is maintained at a constant

voltage relative to the external electrode, and its aim is to stabilize the

discharge with respect to gas dissipation. For a certain gas density, a

spark occurs between the igniter electrode and the external electrode of

the gun. The current pulse transmitted by the spark is fed through the

transformer Tr and ignites the vacuum spark gap. By altering the ampli-

tude of the voltage applied to the igniter electrode, we can change between

wide limits the delay between the triggering of the valve and the ignition

of the vacuum spark gap. The point of sparking in the interelectrode gap

is determined by the distribution of gas density along the gun at the time

when voltage is applied to the electrodes, i.e., in the last analysis it

depends on the delay time only.

Procedure and results of measurements

A magnetic probe measured the magnetic field inside the gun. The

probe comprised a coi14mm in diameter. The coil was attached to a

length of coaxial cable and the two components were enclosed in a glass

tube 7 mm in diameter. The probe was inserted into the gun from the

side of the muzzle and it could be freely moved along the surface of the

external electrode. The probe was aligned so as to pick up the azimuthal

magnetic field only. The probe signal was integrated by an RC-circuit

and fed to an oscilloscope.

Figure 2 shows some oscillograms displaying the time variation of the

magnetio field at various points along the gun. At points near the muzzle,

the signal is delayed due to the finite velocity of discharge propagation.

Moreover, the form of the oscillograms changes as the probe moves

along the coaxial system. These oscillograms make it possible to recon-

struct the distribution of the magnetic field along the gun at any time.

These distributions for 1.8, 2.8, 3.8, and 4.8/asec after sparking are shown
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FIGURE 2.0scHlogra!t_s o( tlk" azilHutlLal 111a:4 ctic tictd at

a) 13ct]l; h) 211ctll; c) _6cm; d) 32crl; _:) 4 .OH/; t) 58,.'1_.

in Figure 3. We see from the figure that the di.,charge current flows

through the gun in a thin sheet (that is, thin in c m_parisonwith electrode

length) some 5cm wide; this sheet propagates a; one whole along the

coaxial system toward the muzzle. Figure 4 pl(ts the time of arrival of

the leading edge of the current sheet for various points along the gun.

The arrival time is also reckoned from sparkiniL This plot characterizes

the velocity of the current sheet, which is found to be constant (l'10Sm]sec)

over the entire gun length from 22 to 52cm. Tl'e velocity slightly increases

near the muzzle (1.6"105 m]sec), apparently du_ to the decrease in the

density of the neutral gas in this part of the gun

Field distribution after 3.8 and 4.8ttsec (Figt:re 3, curves 4 and 5) is

distinguished from earlier field distributions by the appearance of a

second current sheet due to the sparking in the nterelectrode gap which
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FIGURE 5. Oscillograms of electrode voltage:

a) muzzle sick (peak amplitude 340V); b) insulator side (peak anlplitudc
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and after the second spark.
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occurssomewhatnearerto theinsulatorthanth_originalspark. The
currentof this latesparkalsoflowsin athin sh_;et,whosewidthis approx-
imatelyequalto thewidthof thefirst currentsheet;thesecondsheet,
however,remainsstationary. Thesecondspar_is distinctlyobservedby
comparingthefield oscillogramsfor pointsoneither sideof thesecond
sparkingposition(Figure5,c). Theseoscillogr:tmsaresuperimposed.
Thepointat whichtheoscillogramsdivergespe.'ifies with fair accuracy

the time of second sparking. Figure 5 also gives oscillograms of the

voltage fall on the gun electrodes on thc side of _he insulator (Figure 5,b)

and on the side of the muzzle (Figure 5,a). The oscillograms were obtained

with calibrated resistive dividers connected to ti_e corresponding points

of the gun. The voltage on the muzzle side is small; it apparently repre-

sents the voltage drop across the ohmic resistarce of the plasma, while

the voltage on the insulator side is equivalent to the sum of the drops of

the resistive and the inductive voltages.

Measurements show that the inductive voltag_ drop is 10 times _s large

as the resistive drop.

The second sparking occurs when the interel_ ctrode voltage is increased

after the passage of the maximum current throu,_h tho gun: the' electrodes
are then shorted near the insulator. The current produced by discharging

the capacitor C n flows in this case in a new sheet, while inside the gun a
closed coaxial circuit forms where the current and the magnetic field are

exponentially damped in time. The damping constant is determined only

by the parameters of this circuit, and is equal to 4_sec.

To visualize the behavior of the discharge in the gun, we took some

high-speed photographs through a longitudinal slit in the outer electrode.

A longitudinal slit 4 mm wide should have no sig _ifJcant effect on the
distribution of currents and fields in the coaxial system. The discharge

starts at a distance of 22cm from the insulator tnd propagates with a

constant velocity, equal to l'10Sm/sec. These data are consistent with

the results obtained in probe measurements. T _e time and position of

the second spark also agree with magnetic probe, measurements, but the

second sparking is preceded by motion of plasma from the area of the

first spark. Motion starts some 3_sec after the _ first spark and terminates

when the second sparking occurs. This result is somewhat unexpected and

it can apparently be attributed to the behavior oJ a plasma in crossed

electric and magnetic fields.

Discussion of results

Measurements show that the entire discharge current prior to the second

sparking flows in a thin sheet moving with a velc,city of 1 • 107 cm/sec

through the neutral gas. The motion of this sheet current ionizes the gas

in the gun and produces plasma. The effect of t_e current sheet in this

case is equivalent to the effect of a shock wave 5/. The plasma in the

wake of the current sheet is immersed in an azi_nuthal magnetic and a

radial electric fields which produce longitudinal drift. Whether the plasma

drifts toward the muzzle or in the opposite dire,:tion depends on the
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particular orientation of the fields. The drift velocity in the laboratory

frame is given by

10, [E _2HI m/see, (1)U-- 4_ "

whereE is the electric field strength in V/m, H the magnetic field strength
in A/re.

Let us estimate the drift velocity of a plasma in the initial sparking

area; to this end we have to find the fields E and H entering (I). E is

determined from the well-known expression of electrostatics, according

to which the electric field in a gap between two coaxial cylinders is

E v
R (2)

tin--
r0

where V is the potential difference between the electrodes, r the radial

distance of the field point from the axis, _ the ratio of the radii of the
r0

outer and the inner cylinders.

As we have previously observed, the interelectrode voltage in the

gun is mainly inductive; it can be defined as

V = -- _--TiLI), (3)

where L is the inductance of the gun region between the sparking point and

the current sheet, which is in turn expressible for any time t in terms of the

inductance Lo per unit length of the gun and the velocity of the current sheet v:

L = tort. ( 4 )

2_

Seeing that 1 =10 sin rot, where co = 7 and T'the discharge period of the

conde_ser bank, and assuming a constant v, we find

"=-('5 +'- co,+co,oo..,..+
Substituting (5) in (2),

E = loLov (sin ol + cot cos tot)

tin R
ro

(6)

The magnetic field is provided by the current flowing through the center
conductor, and it can therefore be written as

/o sin ¢ot

H= 2-_--, • (7)

From (1},(6), and (7), we have

= A (1 + _ ctg cot),
o (8)
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where
LolO7

A =_ =0.948.
21n --

re

If _u is plotted as a function of time, we see {Figure 6) that at first
U

the plasma drifts in the same direction as the cu'rent sheet, but with a

somewhat high Jr velocity, then it starts

u_
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FIGURE 6. -- _s. tinlc.
U

lagging behind, and finally, after 3.2_sec,

its velocity is reversed and it accelerates

in the direction of the insulator. This

pattern of mot on of the plasma in the

wake of the cu -rent sheet is in satisfactory

agreement with the results obtained from

high-speed photographs. The motion of

the plasma to_ ard the insulator is ob-

served in high-speed photographs 3.2 _sec

after sparking

The experilnental results thus show

that inside the coaxial gun the plasma

displays axial drift. This drift is attrib-

utable to the e__ossed electric (radial) and

magnetic (azimuthal) fields behind the current sheet

A simple calculation shows that during most ¢_f the first half-period of

the cur*rent the drift velocity points in the direct ion of motion of the current

sheet, and the plasma is "raked" in this direction, The reversal of drift

velocity after 3,2_sec impels the plasma toward the insulator. The second

spark through the interelectrode gap and the shorting of the electrodes

near the insulator are connected with this rever _ed motion.
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L.I. Krupnik and N. G. Shulika

MASS-SPECTROMETRIC INVESTIGATION OF

A CONICAL SOURCE OF SIMPLIFII_;D DESIGN

The source of pure plasma used in all our experiments on the probing

of plasma with beams of fast particles was developed by Azovskii's group

/1/. This is a fairly simple facility whose structure has been studied in

considerable detail and which creat(_s high-purity plasma (_90_',). One of

the marginal shortcomings, which i,4 nevertheless acutely felt in actu:_l

work with this apparatus, is the periodic breakage of th( glass cones

constituting the body of the source. The replacement of a broken con(, is

a rather unpleasant and difficult task. Our group th('refore proceeded t(_h,'

design of a s!ightly modified s_urce, based however on the san_e op('r;_lio?_:_]

principles.

Schematically, the source is identical with that described in /1/, but

the conical body of thin glass has been replaced with a massive thick-

walled cone cut from the neck of a bottle of 0.75 liter capacity.

The size of the new cone enabled us to simplify the source as a whole

and to employ smaller support flanges. The assembl_,d apparatus proved

to be almost one and a half times smaller thal_ the oi'iginal clesign.

We studied the performance of this simplifi(_d source in great detail,

It functioned without failure with voltages of 2_ kV and higher, was highly

durable, and did not break in any of th_ _ forced modes of opt, ration.

A comparison of its mass-spectrometric char;_cteristics with the

parameters in /1] gave highly satisfactory results. A Thomson mass

spectrometer was applied to take the spectrum of the plasmoid ions in

var{ous modes of source op(_ration, varying all the relevant parameters.

Table 1 compares the mass spectra of the' plasmoid with Azovskii's data

for similar operating modes (delay r = 270-280_sec, gas inflow g= 2 cm a).

TABLE l

Mass-spectroscopic characteristics of tile

pla_moid
[o[1 coIll-

position
of the

plasmoid

Ht
H_

c +

N+Si2Jc

o+
C2+

Na2_-

Si +

Na +

in/1/ ours

lOkV

90 89

2 22

0.5 0.5

2 0.8

-- 1.6

5 3.5

1.0

0.5 1.5

in/1/ ours

15kV

89 8,4.5

I 1.8

1 1.4

2.5 3

0.5 0.8

-- 1

0.5 0.5

1 2,3

0.5 I

65

3

4

6

I

8.5

0,5

2

6

1.5

51,3

31

2,7

3.7

1.9

4.2

3.5

12.5

13.5

We see from the table that the results are in excellent agreement within

the margin of experimental error.
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Theplasmoidcreatedwithour sourcehada plrity comparableto that
of theplasmoidsfrom Azovskii'ssource(,,_90%).Thishighpurity, however,
wasobtainedonlyfor certainmodesof sourceoperation,namelyfor a
largedelaybetweentheadmissionof gasandthesparkingof thesource
(T= 270-300_sec) and a comparatively low source voltage( _ 10-12 kV).

In addition to the data in /1/, we give here th,' dependence of the plas-

mold purity on the amount of gas admitted into the source for a delay

= 300_sec and a voltage U-- 15 kV (Table 2). We see from the table that

the content of hydrogen in the plasmoid is maximal for a gas inflow of

2-3cm 3, whereas further increase in gas inflow does not affect the ion

composition of the plasmoid, sharply enhancing its neutral component

(probing of the plasma with a fast neutral beam).

TABLE 2

Ion composition

of the plasmoid

H_

H_

H_

Impurities

Gas inflow, cm 3

0.5 1.0 2.0

32.5 44 70

8.0 3 3

8.0 3.5 2.5

51.5 48.5 24._

3.0

63

2.0

2.0

32

To estimate the velocity of the plasmoids, we employed two double

probes inserted at a certain distance from each other. The velocity of

the plasmoid, as measured from the difference in its arrival times at

the two probes, was found equal tov=(5-7)'10-;cm/sec. This is fairly

close to the velocity given in /1/.

In certain modes of source operation, however, we registered a group

of faster particles. The Thomson spectrograph:c plates showed a parabola

of hydrogen ions extending to energies of some 2-2.5keV. The intensity

of these fast particles was very low.

The operating modes in which these fast part cles are ejected correspond

to a very small delay between the triggering of the valve through which the

gas is admitted into the source and the sparking of the source {v = 150-

170_sec). In these modes, however, a very higa impurity content was

observed in the source. As an illustration, we ,rive Table 3, which shows

the variation of the impurity content in the plasrloid with the delay time

to source sparking (gas inflow g = 1-2 cm 3 ).

TABLE 3

Ion composition

of the plasmoid

H_

H;

Impurities

Delay, pse¢

I

150 170 230 280 [ 330 370

4 7 54.5 56 I 70 60.5

1.5 1 12.0 1.( I 2.8 1.5

2.0 9.5 2.0 3 I 2.5 3.0

89.5 82.5 41.5 40 I 25 35
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Theconicalsourcedescribedin this paperis simplein design,reliable
inoperation,andhasa longservicelife. Bysuitablychoosingthemode
ofoperation,high-purityhydrogenplasmacanbeobtained(_90%).
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A CONICALPLASMASOURCEWITHELECTRODES
ANDPULSEDGASINLET

In /I/ two conical sources with electrodes were investigated, both having

plexiglas discharge chambers. The plasmoids ejected from these sources

contained plexiglas decomposition products, i.e., ions of hydrogen, oxygen

and carbon; mass-spectrometric measurements /2/ showed that there

was a mere 10% of hydrogen in the plasma.

In /3/ an inductive conical source was described, creating hydrogen

plasma with less than 1% of heavy impurities.* Among the shortcomings

of this source, however, is its complex supply circuitry.

A plasma source combining the advantages of these guns, i.e., simple

electric circuitry and high-purity plasma, will be highly useful in various

fields of plasma physics. To establish the feasibility of such a gun, we

investigated a conical source with electrodes and a helical return conductor

similar in its design to the source described in I/,but with a pulsed gas

inlet.

Apparatus

The plasma source is shown in Figure i. This is a glass conical

discharge chamber 2 with a cylindrical electrode 3 at the apex of the cone

and a ring electrode 1 at the base of the cone. The diameter of the cylin-

drical electrode 1.5cm, internal diameter of the ring electrode 9cm,

opening angle of the cone 50 ° . An eight-turn helix acting as the return

conductor was wound on the outer surface of the discharge chamber. This

helix, as shown in /I/, increases the source efficiency.

A high-speed valve is provided in the cylindrical electrode, admitting

some 3cm 3 of hydrogen into the discharge chamber. The design and the

parameters of the electrodynamic valve are as in /3[. The plasma in the

source was created by discharging a 6_F condenser bank. *''° The inductance

* The 10% of impurities quoted in /3/ is not a source characteristic, since they intrude from the vapors of

diffusion pump oil.
** The current was switched with a vacuum spark gap, similar to the spark gap described in /4/.
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of thedischargecircuit 0.34_H(thesourceinduk_tanceaccountingfor half
of this figure), dischargeperiod9_sec. Thepl_tsmaejectedfrom the
si_urcepropagatedalonga glasstubewithani.d. of 9cm. Residualgas
pressurein thevacuumsystem_ 10-4N/m2.

5 _ 32

FIGURE 1. Conical source:

I) ringclcctrodL _, 2) discharge chamber; _)cyliu-

dricaldc('trodc; 4) valve head; 5) Tcflcl washer.

It has been established in /3/ that the perfom]ance of the plasma source

and the parameters of the ejected plasmoids are highly sensitive to th( •

inf!ow of gas into the. source, i.e. , the volume _,l' of the gas and the

admission time, which in turr_ depend on the initial pressure in the valve

plenum Po, the voltage applied to the valve capa( itors Uv, and tile delay

between the opening of the valve and the firing of the source. All subsequent

measurements were made for AY=2-3cm at;b= i-6"105 N/m 2, U_ = 1.5kV)

and Av =210, 270, and 350_sec. For AT =210_se:, the gas just fills the

source, while for larger A_ the gas expands to distances of 10 and 40cm

from the source. The mininmm delay which permits sparking in the

source is approximately 170-180_sec (it is determined by the time claps-

in a between the discharge of the valve condensers and the opening of the

valve).

The following lechniques were applied to determine the parameters of

the plasma:

1. A Thomson mass analyzer (method of parabolas) was used to

determine the mass composition of the plasmoid_. The spectrograph

analyzing the particles which moved along the a_ is of the vacuum chamber

was set at a distance of 1.5rn from the source. The ions were detected

with MK-type photographic plates. The, spectra obtained characterize

the mass composition averaged over the entire l:ngth of the plasmoid.

The photometry of the plates was dune on Mr-4 qnicrophotometer.

2. The visual glow of the plasma was picked up with a photomultiplier.

3. A magnetic probe (a coil 0.14 cmm diameter and 0.8 cm long)

moving along the axis of the vacuum system metsured the currents in

the plasmoid. The signals of the photomultiplie • and of the magnetic

probe were fed to a pulsed oscilloscope OK-17. Typical oscillograms

are shown in Figure 2, which also gives the sig_ml of a one-turn loop

representin_ the rate of change of the current thcough the discharge
circuit.

4. The "cutoff" of microwave sianals was us _d in estimating the density

of tilt. charged particles in the plasmoid. The p_'obing was made at a

frequency of 37.5 "109 c/s, which corresponds t¢a crit{cal density of

1.7 • 10 i3 cm -a .
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5. Relative measurements of plasmoid energy were carried out with

a thremocouple probe with a cylindrical pickup (4.2 cm length, 1.4 cm

diameter). The probe was set on the axis of the vacuum system; its

upper surface was screened to prevent contact with the plusma.

FIGURE 2. Typical signals:

a) photomtIltiplier signal, U=10kV; b) photomultiplier signal,

I r=15kV; c) magnetic probe signal, U=15kV; d) signaI of tile

one-turn loop, g_'= 15kV.

Results of measurements

The mass composition of the plasmoids was determined for various

delay times _mcl various source voltages. The table lists the relative

content of ions in the plasmoid as a function of the delay AT and the

source voltage for a constant gas inflow AV= 3cm 3. We see from the

table that the amount of hydrogen in the plasma (the last row of the table)

is between 70 and 90%, depending on the discharge conditions; besides

atomic ions of hydrogen, there is also a certain amount of molecular

ions, H + and H+. ':: The plasma composition is approximately the same

with a gas inflow of AV=2cm 3; further reduction of gas inflow increases

the relative impurity content.

* The analyzer does not separate Ha+ and C 4+, but the presence of C 4+ ions is little probable, since no C "s+

ions are observed.
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210

270

350

10 x 0.5 x

15 x 2.0 x

20 1.0 2.0 0.5

I
1

:Z

-5 +"
4- _ +" N +" +"

i

3.0 x 2.5 x x I 0.8

3.5 0.5 3.0 0.5 x i 0.5

11.5 1.0 8.0 1.0 × i 1.0

10 x 0.5 x 3.0 x 2.0 x x x

15 x 1.0 0.5 3.5 0.5 2.5 0.5 x x

20 1.5 6.0 1.5 8.5 1.0 6.0 2.0 0.5 0.5

ll) × 1.0 x 6.0 0.5 3.5 x x x

15 0.5 2.0 x 6.5 1.0 4.5 x x x

20 1.0 4.0 1.0 12.5 1.0 5.0 1.5 0.5 x

+-

x x

x 0.5

0.5 1.0

x 0.5

x 1.0

0.5 4.0

x 3.0

x 2.5

x 5.0

+_

-c.

+2

1.0 92.0 93,0

2.0 86.0 88.5

2.5 ?l.lb 25.0

2.0 90.0 92.5

1,0 88.5 9O .5

3.0 65.0 72.(J

5.5 78.5 87.O

3.5 77.5 83.5

3.5 64.0 72.5

x -- impurity content less than 0.5%.

The main heavy impurities, as with the inductive source /3], are carbon

and oxygen, which intrude from vapors of diffusi)n pump oil. They can be

removed by substituting, say, absorption for diftusion pumps. Another

group of impurities are the ions of silicon and sodium - from the gtass

of the discharge chamber, and the ions of copper and zinc - from the

brass electrodes of the gun. The total content of these impurities is a

small fraction of the carbon and oxygen content; the intrusion of electrode

impurities can apparently be reduced by replacing brass with a more

durable material, e.g., stainless steel.

Photomultiplier and probe signals lead to the "ollowing conclusion con-

cerning the performance of the source.

Several plasmoids are ejected by the gun, corresponding to the later

half-periods of the discharge current, but the first half-period creates,

not one, but actually two (for &_ = 240-310gsec) or three (for AT = 210]_see)

plasmoids. The multiple plasmoids of the first half-period are apparently

attributable to the onset of radial oscillations with the pinching of the

discharge in the source. The increase in the number of oscillations for

small delay times is apparently due to the small( r gas inflow and, corres-

pondingly, tile smaller inertia of the current she lth surrounding the

discharge.

Currents circulate in the discharge, in the same direction as the

azimuthal component of the source current. Magnetic signals also reveal

the presence of two (or three) plasmoids with eqt ally directed currents

in the first half-period.

Microwave probing of plasmoids at right angl( s to the line of their

motion led to complete "cutoff" of the signal for _t few tens of microseconds,

which apparently points to charged particle densi:ies much higher than
1.7"1013 cm -3

Figure 3 gives a typical plot showing the position of the plasmoids

in the tube as a function of time (curves 1-5); th,'se curves have been

plotted from the maxima of the visual and the magnetic signals (the

time is reckoned from the moment of sparking in the source, the distance

from the cylindrical electrode; the dashed vertical lines mark the start

of the successive half-periods). We see from the figure that measurements

based on visual and magnetic signals coincide.
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The muzzle velocity of the successive plasmoids can be determined from

the slope of the curves, like those plotted in Figure 3. The results of

velocity measurements for various delay times are shown in Figure 4.

_.CO1

2O

llll

#ll |,

2 3 4 5 v.10.%Wseckl ¢ 1

. / //

i 0
lO 20 30 _0 5 tO t5 20

f_. ;,sec U, kV

FIGURE 3. Tile position ofplasmoids from FIGURE 4, The velocity of the

successive half-periods as a function nf time plasmoids as a function of the

for U= 15kV, A.r= 271l l_sec: initial source voltage:

Ophotomultiplicr signals; × magnetic probe 1) first plasmoid, AI=310_sec;

signals. 2) second plasmoid of the first

half-period and the plasmoid of

the second half-period, at=

=310Hsec; 3) first plasmoid,

_I= 210 _sec.

(accuracy 15%). For comparatively long delay times AT=270-310tesec,

the velocity of the second plasmoid from the first half-period and the

velocity of the plasmoid from the second half-period are equal (curve 2),

being somewhat higher than the velocity of the first plasmoid (curve 1}.

For short delay times AT = 180--210psee, * the velocity of the first plasmoid

(curve 3) is conversely higher than the velocities of the successive plas-

molds, which are hardly affected by the change in the delay. This is not

unlike the velocity-delay relation for the inductive source /3[, despite

the considerable difference in the mechanisms of plasma acceleration

in the two guns.

As with a plexiglas source ]1], the velocity of the plasmoids ]inearly

increases with voltage, but the absolute values of the velocity are some-

what lower (for constant condenser capacitance and equal working voltage).

This is apparently due to the discharge chamber of our source having a

volume three times as large as the volume of the plexiglas gun, so that

each unit volume contains less energy. Furthermore, the energy in our

case is supplied at a lower rate on account of the higher inductance of the

source and the additional inductance of the spark gap.

Figure 5 plots the energy of the plasmoids as a function of the source

voltage (thermoprobe set at a distance of 20cm from the source}. We see

that the experimental points closely follow the parabola Q _ U2 (solid curve}.

This is consistent with the plasmoid velocity being a linear function of

voltage.

" For A_ < 1801_sec, ihe source performance becanle irrcprodtlc[blc.
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The "damping" of the currents in the plasmoi:t is determined as the

time of 1/e-folding of the magnetic signal ampliude_sthe plasmoid moves

along the tube. The damping was found to be constant for U = 10- 15kV

and k_ =270- 310_sec, being equal to 1.8ff 0.2_ec fox- the second plasmoid

of the first half-period and 1.1:_0.2/a._ec for the plasmoid of the second

half-period. It is also remarkable that despite he difference in the damping

time of the currents in the ,_eecmd and lhe third _lasmoids, the ctistanee

over which this damping occurs is the same, be ng approximately equal

to 7.2 ±l.7cm for both. Furthermore, the damlnng length for currents

in plasmoids of the inductive source /3/ is also close to this figure, being

!
1

FIGURt" 5. Thc*_nc'rg) ofapla,nl+ id

aS a fUllCtiOll Of SOLIFCv Vl)[ta_C.

8.8cm(thevelocityoftheplasmoids22 .104m/see, damping time 0.4-10 -_sec).

This coincidence for largely different plasma p;_rameters apparently

indicates that the damping is dominated not by tie conductivity of the

plasma, but rather by its expansion and interac:ion with the glass wall;

we must assume, however, that the rate of expansion is proportional to

the translational velocity of the plasmoid.

The experiments show that our source successfully combines the

simple electrical circuitry of /1/ with the high _urity of the plasma in /3/;

the plasmoids, however, are somewhat slower and apparently have a

smaller density.
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A.A.Kalnlykov,V.I.Tereshin, andN.S.Poltavtsev

I"NI]I_GYSPECTtlAO1:Till '2C()NICAI,PLASMASOURCE
WITt[ l,JI_t,2Cq'tK)I) 1,2S

1. Plas_loids created by sources of various get,metrics were studied

by many authors (there ale numerous reports and papers on these experi-

ments). A comrnon feature of all these researches, however, is that tile

methods of investigation applied - magnetic and electric probes, micro-

wave techniques, photomultipliers, etc. - reveal only some macroscopic

characteristics of the plasmoid averaged over the entire plasma volume.

It is no less significant to establish the microstructure of th(' plasmoids,

the' energy distribution of ions of different masses in various fairly small

parts of the plasmoid, etc. Th('se researches will help us to find our way

when interpreting the mechanism of plasma acceleration.

We investigated according to this program one of the many plasma guns,

n_,mely the conical source with a return conductor and a pulsed gas inlet

/1/. "i'hc plasmoids created by this source were mmlyzed with the drift

mass spectrometer that we had designed /2/ and which proved to be suitable

for the m(,asurements in question.

2. The experiment_l apparatus is schematically shown in Figure 1.

The vacuum chamber was a copper tube 8 cm in diameter and 270 cm long.

Coils fitted around this tube over a lengttn of some 150cm provided a

uniform magtmtic fiehl with an induction of up to 0.2 Wb/m 2. The plasmoids

wore created by the conicu source /1/. Th(' parameters of the discharge

circuit were as f_dlows: tota_ capacitance of condenser bank 6gF, discharge

period 9.6_sec, condenser bank charged to 21-22 kV. Hydrogen was

injected into the souFcc it? amounts of from 0.05 to 1.0 cm a • atm.

The drift mass spectrometer /2/ was set axially and it was used in

basic measurements of plasma c<_mpositi<m and of energy distribution of

particles in the plasmoids. The spectrometer operates as follows: an ion

boam is cut from llw plasmoid by a system of diaphragms and is then

directed t_) a modulator. The modulator transmits only part of this beam,

havina a preset length/i. The transmitted ions are energy-analyzed with

an el_.ctro_I:_tic condenser; mass resolution is achieved in the drift space

l)etwt.en the modulator and the detector, set at an angle to the axis of the

system. ]'hc detector signals are fed to the oscilloscope OK-I?M.

To osc i11oscope _.otom ult,

Source I I D'_._ 20 kV
-"" BIKIBIIIIBBBBBIllUla , ,

)
_- g. Analyzer

FIG[_J[U{ l. A schcnlaric diagram _f til_ apparatus.
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Giventhedistancebetweenthemodulatorandthedetectorandmeasur-
ingthetimeof flight of particlesof a certainen,.rgy,wecan calculate

the ionic mass-to-charge ratio:

m 2wl_
- z,, (1)

where I is the drift length, _the time of flight of the ions in the drift space,

W_ = kU the energy of the ions, U the deflecting v)Itage applied to the

condenseF plates, k a geometrical coefficient, waich in our case is 6.38.

3. We established that the time of ionization of particles is character-

istically small in comparison with the discharge period of the condenser

bank. This point is illustrated by the oscillogram in Figure 2, which is

the mass spectrum of 60eV ions. This mass spectrum was taken without

modulation, with the entire ion beam cut out by the diaphragms passing

through the modulator. In this case the width of the peaks is determined

only by the time of particle formation and acceleration in the source and

by the time resolution of the instrument.

The time resolution can be written as

(2)At = b_

where L is the distance from the source to the alalyzer, ythe energy

resolution of the instrument, rn_ the mass of the _ons, W_the energ%" of

the ions. In our experiments

(3)

The width of the peaks was invariably of the :;ame order of magnitude

as the instrumental time resolution; moreovcr, the depe_;dence of the

peak width on particle mass and energy is in salisfactory agreement with

formula (3). The peak width thus sets an upper bound for the ionization

time of the particles in the source. This limit iLs _l.5/lsec for protons

with W_= 60eV and 0.4/_sec for" W_= 1000eV, whi:h is clearly much less

than the discharge period.

FIGURE 2. A mass spectrum of ions withW_= 60cV (up )cr trace, current variation

at�at ).
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Independent measurements show that different peaks displayed on the

oscillogram taken for ions of one energy correspond to different ionic

masses. Given the mass of the ions, their energy, and the distance L

from the source to the detector, we can find the time of flight Td of the

particles in the drift space, assuming that the particles move with a

constant velocity; this immediately gives the start point, i.e., the time

of ejection of the particles from the source. The start point is found to

"drift" relative to the sparking time, depending on the energy of the

particles. For protons with energies of from 35 to 150eV, the start point

shifts with increasing energy from sparking to the third half-period. For
protons with very low energies, less than 35eV, we arrive at an absurd

result: the particles are ejected from the source before sparking, the

earlier the lower their energy (20 eV protons precede the spark by no less

than 7psec). High-energy protons (with energies above 400-500eV),

however, are fired simultaneously (within the margin of experimental

error}, some 1-1.5psec after sparking.

It is noteworthy that almost all the oscillograms (Figure 2) display two

peaks corresponding to the arrival of protons of a given energy (up to 150eV)

but separated by as much as 9.5-10psec, i.e., a time comparable with the

discharge period. Part of the protons of the given energy apparently forms

during a short time in the very first stages of sparking, while more protons

of the same energy are produced after one period. The start point of these

late protons displays the same energy shift relative to the voltage maximum
in the third half-period.

Other ions, in particular C 2+ and O 2+, show a similar double firing.

On the other hand, it does not seem likely that only particles of strictly
constant energy are produced at any given time (as it follows from the

preceding}: particles of various energies should be expected. Furthermore,

regardless of the interelectrode voltage and the polarity of the electrodes

at any given time, ions of higher energy are generated at later times.

It is therefore our opinion that all the particles form simultaneously

(or on several successive occasions}, the ionization time being short in

comparison with the discharge period. The drift of the start point with

particle energy can be attributed to complex interactions of particles with

other particles and with fieqds, taking place in the source and in the drift

space. The time of formation of these particles can naturally be identified

with the start point of the fast protons (with energies higher than 500eV},

which is independent of energy in this range. The next bunch of particles

will then form in the voltage maximum of the third half-period. Identifying

the characteristic points in the first and the third half-periods of the

oscillograms (Figure 2), we can find the time of flight v of the particles

in the drift space. Comparison of these _ with the previously introduced

Td (obtained from simple calculations} for various encrgies makes it

possible to evaluate the deviation of the start point relative to ti_¢_ actua _,
ionization time.

The relative change in the two times _das a function of particle energy

is plotted in Figure 3. The solid curve corresponds to protons generated

in the first half-period, and the dashed curve to the protons of the third

corresponding to protons with energies overhalf-period. The ratio T-%

400- 500eV is also plotted in this figure.
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Thesuggestionthat the energy of the ions ,:ould vary, in the drift space

between the source and the spectrometer was verified with conical dia-

phragms inserted near the source and cutting a thin plasma stream
1.5-2mm in diameter. This presumably

I/I d

0,g ,I I I1
II I1

lOx 2 3z, 5 g 3W, ev
68 loll* 68 rOOOx

FIGUi_ a. Relative change in the time of

fligh_ as a function of energy.

reduced tte density of the analyzed

plasma. '['he measurements of • and T d

made under these conditions revealed

similar displacement of the start point

with energy almost for all the species

of particles, with the exception of ions

with energies less than a0-a5 eV,
whose start point was assumed to

coincide ,_ith sparking time. Thus

particles ,)f very low energy may in

all probability lose part of their energy

in the drift space, so that the average

energy of the particles over the entire

trajector_ _ will be higher than the

measured energy and the time of flight

will be correspondingly smaller.

For all the other particles, this pnenomenon is possibly attributable

to the pre_ence of trapped magnetic fields in the plasma in the source,

which prevent the immediate ejection of the particles retaining them in the

gun or near it for some time (a few microseconds) after their birth. An

analogous explanation was offered in /3/ for he observed delay in the

ejection of plasmoids from a gun of similar design.
In connection with the determination of the ionization times, it is

interesting to follow the variation of electrod,.' voltage during the discharge.

To this end we used a resistive voltage divider coupled into the circuit

between the electrodes; the divider signal was fed to the oscilloscope

OK-17M. Figure 4 shows some oscillograms of these signals taken for

different voltages on the condenser bank. W_ see that in the very first

stages of the discharge, on sparking, the int_relectrode voltage is max-

imal, exceeding considerably the voltage amt,litude in successive half-

periods of the discharge. The length of this _eak is close to 1-1.5 ,asee.
The smooth trace is then interrupted by' the ejection in the third half-

period. The singularities on the voltage osc llograms are in good agree-
ment with the times of formation of particles as determined in the

preceding. These oscillograms are observe, l for source voltages Us--
= 17-20kV. As the voltage applied to the co_denser bank decreases, the

third half-period singularity, gradua!ly dimin shes, and it vanishes entirely

for Us=10kV. Note that for this voltage the mass spectrum never shows

two hydrogen peaks, i.e., all the particles are created in a certain time

during the first half-period. In this case the energy fed by the condenser

bank into the source is apparently insufficien: for secondary ionization.

It is remarkable that the appearance of singalaritics in the voltage oseillo-

grams sharply interferes with the periodic var ation of the electrode voltage.

The foregoing data concerning the ionization and the firing of the particles

apparently explain the observed structure of the plasmoids. The plasmoids

display space modulation in such a way that the light high-energy ions

(protons) are concentrated in the head, the heavy ions of lower energies

trailing behind.
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FIGURE 4, Electrode voltage in time:

a) t's = 18kV; b) Us = 10kV.

4. The mass analysis of plasmoid ions carried out with the" drift mass

spectrometer shows that, besides hydrogen ions (protons and ti+), the

.'olasmoid also contains the impurity ions C a+ , C2+. , N 2+, O _+, C +, N +,O +,

F +, St + , Cu +, whoa_e presence is attributable to the erosion of electrodes

and insulators, as well as the evaporation of diffusion pump oil during the

discharge. This mass composition is in good agreement with the results

obtained with a Thomson mass spectrograph, which give a proton content

of 80-85% in the plasmoid.

The mass spectrom_,tric data obtained for ions of various energies

enabled us to plot the (energy distribution of the protons and of the impurity

ions for various modes of source operation {the variable quantities were

the voltage applied to the source condensers Us, the gas inflow AV, and the

delay Ts between the, opening of the valve and the sparking). A comparison

of the energy spectra obtained for various values of the parameters Us, AV,

and % shows that the perfornqance of the source substantially depends on

whether the delay vs is b,_eater or smaller than a certain critical _cr. The

cr is insensitive to the actual choice of Usanel AV, but itcritical delay _s

sharply changes with the polarity of the condenser bank relative to the

source el,_.ctrodes. W(' sha_l therefore consider the results pertaining to

two radically different modes of source operation.

For the first case, when Ts .> ,cr = 200/asec, no protons with energies

higher than 150 eV were r_corded m a fairly wide range of values of Us

(from 10 to 20kV), AV (from 0.049 to 0.98 cm a. atm), and Ts (from 200 to

500#see), while the impurity ions were much more energetic (up to 1500eV).

It is remarkable theft the mean energy of the protons and of the medium-

weight impurity ions (e. g., C a+, 02+ ) is 30 - 40 eV under these conditions.

249



Figure 5 plots the energy distribution of protons for Us = 19 kV, AV =

= 0.49cm a. atm, r s =260_sec. Here the solid clrve corresponds to the

energy spectrum of the protons generated in the 'irst half-period, while

the dashed curve is the energy spectrum of the ttird half-period protons

(the vertical axis gives the amplitude ratio of the signals picked up by

the drift spectrometer in units relative to the width of the energy slit AW

for a given particle energyW, AW=0.06W). In this case the mean energy

was 30-35eV (v-_8.104m/sec) and 70-75eV (v_--1.15"105 m/see) for the

first and the third half-period protons, respectively. An analysis of mass

spectra obtained for different modes of source operation shows that the

mean particle energ'y increases with the source voltage Us. These data

are in good agreement with the results obtained by other methods (magnetic

probes, photomultipliers, etc.) in /i/. The mean proton energy also

somewhat increases with the decrease of the delay time Ts between fairly

wide limits (from 500 to 200sec). The increase of the mean particle

energ T is invariably accompanied by an overall l.roadening of the energy

spectrum.

a/m teL. un.

2

IO 30 50 78 90 I_ ev

FIGURE 5. The energy spectrum of protons

in plasmoids generated in the first mode of

source operation (r s > rsCr).
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FIGURE 6, _ he energy spectrum of protons with

the source ot-erating ill the second mode.

In the second case, with delay times rs < Tsqr=: 200_sec and moderate gas

inflow (AV< 0.196-0.294cm 3- aim), the plasmoigs carry a considerable

amount of protons with energies of a few ki]oelectronvolts and even tens of

kiloelectronvolts. The peak energies of the impurity ions are somewhat

smaller in this case (by 30-40%) than the energz of the fastest protons.

Figure 6 gives (in semi-logarithmic coordinate.,) the energy spectrum of

protons generated for Us=19kV, kV=0.196cm 3- atm, *s = 180_sec. On

sparking, three distinct hydrogen plasmoids ar_ seen to form in the gun,

with mean energies of40eV (v_ 0.85.105m/se,:), 700eV(v_-- 3.7.105m/sec)

and 2.5keV (v _ 7. 105-m/sec).

These results were obtained with the inner electrode (near the apex of

the cone) maintained at a positive potential in t} e time of sparking. When

the polarity of the source electrodes is reverset by switching the leads of

the condenser bank, the outcome of the experirrent is not affected provided

the delay *s does not exceed 150_sec (i.e., in this case ¢_r= 150psec).

Note that in both cases the peak proton energies are twice as high as the

energies of the charged particles accelerated b:z the interelectrode field
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in theveryfirst stagesof thedischarge,whenthis field is maximal
(e.g., for U_=10kV,protonswithenergiesof ,--,18keVwereregistered).

Crudeestimatesneglectingthedifferentangulardistributionsof ions
of differentenergiesindicatethattheslowhydrogenplasmoid(W,_ 30-40eV)
andthetwofastplasmoidscarry approximatelythesamenumberof
particles.

Analogousresultsareobtainedin thetwooperatingmodesif a driving
magneticfield is impressedoveraregionof _ 150crnbetweenthesource
andtheanalyzer.

Thespecialconditionsrequiredfor theformationof fastprotons(with
energies> 500eV)andtheconstancyof thestart pointfor theseparticles,
in distinctionfrom thegroupof slowparticles(withenergiesof up to
150eV),indicatethattheslowandthefastparticlesareacceleratedby
tworadicallydifferentmechanisms.A crucial conditionfor theformation
of fast protonsis thatthegasadmittedbythetimeof sparkingdoesnot
fill theentire inierelectrodespace;thefastparticlesarepossiblycreated
in thespark. Furtherstudyis requiredto establishthedetailedfeatures
of theaccelerationmechanismof fastparticles.
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ONTHEGENERATIONOFFASTPARTICLESIN A
PLASMASOURCE

Twogroupsof particleswereobservedin theoutputof plasma guns of

various types - a slow group with drift energies ,_ 100eV and a fast group

with energies of up to 20-25keV. In /1-5/ it has been shown that all

these sources - coaxial gun, conical source, Bostick's button-type source -

have much in common: the moving plasmoid forms simultaneously, in a

time which is very short in comparison with the discharge period (NO.5 _see).

Ions of different masses have a broad velocity (energy distribution, and the

moving plasmoid spreads continuously. The head of the plasmoid mainly

contains plasma whose ionic component consists of fast protons, while

the slow hydrogen ions and the heavier impurities concentrate midway

along the plasmoid and in its tail. Over fairly large drift lengths, the

hydrogen head may apparently separate from the bulk, moving as an

individual bunch of plasma. This fast component is of considerable interest,

since it mainly consists of hydrogen ions and carries the major part of the

energy acquired by the plasmoid as a whole.
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Since all plasma sources have much in commou and the acceleration

mechanism is apparently the same in all of them, it is only logical to choose

the simplest, button-type source for investigating the influence of various

factors, e.g., source geometry and electrical parameters of the discharge

circuit, on the creation and acceleration of fast p_rticles.

Basic results

The setup is described in /2/. A button-type _ource was used, with a

capacitor C = 0.1 _zF, U up to 20 kV. A rotating device was provided,

changing the position of the source axis relative to the axis of the analyzing

system. The moving plasmoid was analyzed with a drift mass spectrometer

with an electrostatic analyzer, whose operation i_ described in detail in

Iz,_l.

,n (m theEnergy distributions were plotted for plasma ions with different -z

mass of the particle, Z its charge). All the energy distribution curves are

peaked around the same energy /2/, but they are essentially different in

n/

the region of high energies. For -2- = 1 (H t ions), the energy distribution

nl

extends up to _20keV, while for higher -2- the ct ryes are truncated at

much lower energies.

Typical distribution of H + ions are shown in t'igure 1; the source voltage

is the parameter of these curves. We see that the content of fast particles

sharply decreases with the decrease of source v)ltage.

W
I

05

0.6
!

"%

"%

0 W,eV

FIGURE 1, Energy distribution of H + ions for vari)us source voltages U:

i) 18.TkV: 2) 17kV; 3) 15kV; 4) 14kV; 5) lOkV; ,) 9kV: 7) 7kV.
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In ]2/ the angular distribution of the emerging particles was measured:

particles of higher energies moved in a progressively narrow solid angle,

while the slow particles displayed an almost isotropic angular distribution.

As the plasmoid moves down the system, the losses of the slow particles

to the walls are therefore much higher, and the energy distribution is

highly sensitive to the distance from the source. In ]5/ no particles with

energies less than lkeV were recorded at a distance of 300cm. Further-

more, the fast particles emerging from the button source make a certain

angle with the axis of the system; this deflection depends on the polarity of

the voltage applied to the source electrodes: the exit velocity of the fast

particles is parallel to the direction of the source electrode maintained

at a positive potential.

These results are confirmed by measurements with an electrostatic

probe. If the probe is set to intercept the fast particles, it registers the
arrival of ions with velocities of l0 s cm/sec. If the- source is rotated

through a certain angle relative to the initial axis, these particles are

no longer picked up by the probe.

An important factor in the performance of plasma guns is the source

geometry. The button source used in our experiments was prepared in

four varieties shown in Figure 2. These sources differ in the following.

a

3

!

0

i

_] 1, _°
2 4 6 8 rO f2 _ w. k_V

FIGURE '2. Different source geometries. FIGURE 3. Energy distribution of H ÷ ions

(source gcometr? d).

According to Bostick /9/, the plasma is accelerated by the magnetic field

set up by the current through the source electrodes, in the direction of

decreasing magnetic pressure (Figure 2,a). We have established, however,

that the plasma emerges from the source also in the opposite direction

(Figure 2,d). The number of fast particles in all the four cases is almost

constant; it is only the amount of slow particles that decreases in com-

parison with the output in Figure 2,a. For the source geometries in

Figures 2c,d, we plotted the energy distribution of the plasma ions emerging

in two opposite directions. The results are shown in Figure 3: curve 1

is the spectrum of particles whose motion is aided by the magnetic pressure,

curve 2 the spectrum of particles opposed by the magnetic pressure. The

two distributions overlap in the region of high energies. The main difference

is observed for low energies: slow particles aided by the magnetic pressure

are much more numerous.

The magnetic pressure for a given source geometry depends on the

current flowing through the source electrode. The discharge current can
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be varied by coupling additional active resistan-_es or inductances into the

discharge circuit. We plotted the energy distribution of H + ions for dif-

ferent additional resistances (30 and 60ohm), Although the peak value of

the discharge current changed considerably, the distribution curves were

affected in a small degree (Figures 4, 5). When additional inductances wer_

coupled into the discharge circuit, the upper bound of the particle energy

increased, but the mean energy of the slow ion_{ decreased (Figure 6). It

is noteworthy that for fairly high inductances the plasma is generated

multiply, on several successive occasions, which is at variance with the

case of low inductances, when all the plasma is created at one time /2/.

Independent probe measurements show that for a discharge period T= 30_sec

and a length of 500_sec (commonly, the discharge period was _l.6_sec

and the length _7_sec), the probe registers a _uccession of plasmoids of

decreasing amplitude during _ 300 _sec.

2oo

0

FIGURE 4. Energy distribution of H+ ions for different re-

sistances in the discharge circuit:
1) 60ohm; 2) 32ohm; 3) 0.1ohm.
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FIGURE 5. Energ)' distribution of _ ions for different

resistances in the discharge circuit (the :mphasis on the

low-energy region):
i) O.lohm; 2) 30ohm; 3) 60ohm.
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FIGURE 6. Energy d_.stributton of H+ ions for various in-

ductances L in the discharge circuit, various oscillation

periods T, and various discharge lengths t:

1)a= t,, t,= 1.6 _lsec, 1= 7 gsec; 2) t=l,, r,= 2.2psee,

t= 15 _sec; 3) L= t,, r,= 30 _see, t = 400 _sec (t8 > I, > t0.

It is noteworthy that the introduction of additional resistances and

inductances in the discharge circuit considerably reduced the content of

nl

ions with large z-; their mean energy also decreased, while the width of

the H + peaks, characterizing the ionization time at a given energy /2/,

increased.

Discussion of results

The electrodynamic model of plasma acceleration is commonly accepted

/9,10/. Our results, however, show that at least the fast particles are

unaccountable for within the framework of this model. In /10/ a formula

is given for the energy acquired by the plasmoid under the electrodynamie
acceleration model:

, = b* (I)
E ku + bx'

where e the energy of the plasmoid, Ethe total energy stored in the con-

denser bank, bthe inductance per unit length of the source, xlength of
accelerator electrodes, L. total inductance of condenser bank and leads.

We see from this formula that the total energy acquired by the plasmoid
should increase with the effective source inductance. The source was

provided with "rails" and we measured the energy distribution of H + ions

as a function of their length {Figure 7). However, no increase in the mean

energy was observed. The number of fast particles actually decreased with

increasing "rail" length. Figure 8 plots the energy distribution of H + ions

for a minute coaxial source (diameter of external cylinder 10ram, internal

cylinder 4 ram, plexiglas insulator). The distributions were taken for

various lengths of the coaxial and various immersion depths of the inner

electrode relative to the end faces. The measurements show that the number
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of fastparticlesremainedvirtually constantin theenergyintervalbetween
3and18keV: it is onlythenumberof slowparticlesthatchanged.

20

S5 "

4_ 6000 _ _ t_ U_a0 W, eV

FIGURE 7. Energy distribution of H+ ions for vari(us lengths of

source "rai_s".

1) 33ram; 2) 30 ram; 3) 19turn; 4} lOmm; : } 0 mm.
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FIGURE 8, Energy distribution of H + ions h a minute

coaxial source {the low-energy part of the cistribution)

for various distances of the insulator from t_ e source

end face a and of the end point of the cemt d electrode

from the source end face h:

Da=0, *=0; 2) a=Smm, h=0; 3) a=25mm,

h=0: 4) a= 30ram, h= 0; 5) a=30mn, h=

= 15ram; 6) a---- 30mm, h=33mm.

The energy corresponding to formula (I) can be compared with the

energy obtained in measurements. The plasmoJd energy in our experiments

is estimated as follows. The number of particl_.s in the energy distributions

that we have plotted is given in arbitrary units. These distributions,

however, can be converted, though crudely, intr3 absolute figures. From

m
the energy distributions for ions with various -Z' we can reconstruct the

waveform of the density and the current signals in time (at a certain point
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along the path of the plasmoid); these signals are then compared with th_ _

cutoff of 3-em microwave signals and with the probing signal at the same

point. From the cutoff of the 3-cm signal we have the density of the

plasma at a certain time. The density of the plasma is also known in

arbitrary units for the same time, and we can thus calculate the arbitrary-

-to-absolute conversion factor.

The oscillogram of the probing signal can analogously be transformed

to give the number of particles arriving at the probe as a function of time;

the results are then compared with the relation calculated from the energy

distribution in arbitrary units. The absolute values of one arbitrary unit

obtained by these two techniques are in fairly good agreement.

Having thus "calibrated" the ordinate of the energy distribution curves,

we can easily find the total number of particles in the plasmoid and the

overall energy of the plasma. The total energy was found to be one and a

half times as large as that predicted by (I).

Our experiments show that the creation and the acceleration of the

fast particles are essentially independent of source geometry and the

parameters of the discharge circuit. This is apparently possible if the

plasmoid is created at the very first stage of the discharge, as suggested

in /2/. The formation of fast particles is invariably reflected in a sin-

gularity in the discharge current oscillogram and in the presence of

exceptionally high voltage on the source electrodes.

The high voltage on sparking may cause the appearance of fast particles.

The source voltage is determined by the inductance and the resistance of

the spark gap; if there are factors leading to a sharp change in the resistance

or the inductance, the source voltage will also change radically. The

resistance can be altered by the onset of two-stream instabilities in the

plasma. The inductance will change considerably if the plasma density

varies. Any of these factors may produce a high voltage in the discharge

circuit, leading to effective acceleration of the particles.

Another probable mechanism is the rapid heating of electrons followed

by acceleration of ions by the expanding electron gas. This mechanism

was discussed in /6, 7,8, 11, 12/.

The experimental data on hand, however, are still insufficient for

unambiguously deciding in favor of any particular mechanism of plasma

acceleration.

1. KALMYKOV, A.A.
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Section Six

INTERACTION OF PLASMA WITH MAGNETIC FIELDS.

SHOCK WAVES IN PLASMA

I. I. Demidenko, V.G. Padalka, B.G. Safronov, and

K. D. Sinel' nikov

INTERACTION OF PLASMOIDS WITH TRANSVERSE

MAGNETIC FIELDS

The results of experiments concerning the interaction of plasmoids with

transverse magnetic fields have some bearing on the problem of plasma

injection into magnetic traps.
Bostick et al. /I/ showed that plasmoids move at right angles to the

magnetic field much more slowly than in a free space. Part of the plasmoid

in this case will move in the direction of the magnetic field.

The interaction of plasmoids with transverse magnetic fields was also

investigated in /2/, where the velocity of the plasmoids along the magnetic
lines of force was measured.

The present paper analyzes in greater detail the interaction of a plasma

with a transverse magnetic field: plasma parameters have been determined

for transverse and longitudinal motions.

Apparatus and procedure

A schematic diagram of the experimental system is shown in Figure 1.

The plasmoids were created by a conical source [3] with a plexiglas

discharge chamber 1. An eight-turn helix wound onto the outer surface

Z

HGURE 1.

equal currents; length of each

of the chamber served as a return

conductor. A 3 pF capacitor bank was

discharged through the source when

its voltage reached 15 kV. The period

of the discharge current 8.0 psec. The

source was separated from the vacuum

chamber by a copper grill of 0.7 mm 2

mesh. The plasmoids consisted of the

ions of hydrogen, carbon, oxygen

(plexiglas decomposition products),

aluminum, and iron (the components of

the ring and cylindrical electrodes).

The time-constant magnetic field was

set up by two solenoids 2 carrying
solenoid 45 cm.

A copper tube 3 with an i.d. of 8cm transported the plasma from the

source to the region with the transverse magnetic field; the distance from

the plasma source to the axis of the solenoid was 70 cm. The field coils
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were fitted around a copper tube 4 with an i.d. of 10cm. Residual gas

pressure in the system _ 1.3 .10-3N/m 2.

Plasmascopes, magnetic and electric probes, and Thomson's mass

analyzer were employed as diagnostic tools.

The magnetic and the electric probes could _e moved longitudinally and

transversallyto the magnetic field. The magnetic probes were enclo;ed

in a glass tube; they registered the variation o: the magnetic flux through

the probe section due to the flow of the plasma; an RC cell was used as an

integrating unit, whose signal was fed through _n amplifier 103-1 to an

oscilloscope OK-17M.

The electric probe in our experiments registered the ionic plasma

component only: it was maintained at a negative potential _ 50 V. To

prevent excitation of the plasma by the electric field of the charged probe,

the latter was screened by a fairly dense grourded net. These probes

measured the longitudinal and the transverse motion of the plasmoids in

the magnetic field.

Plasmascopes /4/ were applied to establish the configuration of the

plasma penetrating through the transverse field and captured by it. A

plastic scintillator was used as the luminescent screen of the scope, and

not layers of zinc sulfide as in /4/. This arrangement is more convenient

operationally, since it ensures higher reliability and greater uniformity

of luminescence. The plasmascopes were mo_ed on rods inside the system

longitudinally and transversally to the magnetic field.

The mass composition of the plasma create_ by the conical source and

of the plasma penetrating through transverse n agnetic fields of various

strengths and captured by them was determine_ with Thomson's mass

analyzer (method of parabolas).

Results and discussion

Ptasmascopes moving along the axes z and : were applied to determine

the configuration of the plasma penetrating thr¢ ugh the transverse field and

captured by it. A diaphragm with a central hole 10ram in diameter was

provided at the inlet of the plasma into the trarsverse field ( x= -9era);

the plasma beam passing through the diaphragrl was collimated with fairly

high precision at right angles to the magnetic 1 nes of force. Figure 2

shows some photographs taken with a plasmascope moving along the

magnetic field (plasmoid configurations in the _,_ plane, injector to the

right); the plasmascope was set in the position z= 2cm. Photographs

taken with a plasmascope moving across the m tgnetic field ( x = 5 cm) are

given in Figure 3, where the luminous distribu ion on the screen reflects

the distribution of plasma density in the yz plan _. The photographs in

Figure 2 and 3 correspond to a magnetic field (f 2.7.10-2T at the origin.

The top photographs were obtained with the fie]J pointing along the negative

• axis, the bottom photographs with the field p_rallel to the positive z axis.

It follows from Figure 2 that a plasmoid inj_ cted into a transverse

magnetic field is deflected toward the positive ,_r the negative g axis,

depending on the actual direction of the magnet:c field. This is attributable

to the longitudinal polarization setting in when _he plasmoid enters a

transverse field. The vector of this longitudinal polarization points against
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themotionof theplasmoid,andtheplasmoiddrifts at right angles to its

E

velocity vector with a speed _ -_. Longitudinal FMarization is observed

only when the plasmoid is injected into the transverse field; it does not

occur when the plasmoid moves in a uniform magnetic field, and the lateral

drift stops. Indeed we see from Figure 2 that the plasmoid traces a straight

line at a certain angle to the x axis, since the magnetic field gradient along

the x axis near the axis of the magnetic system is negligible (the diameter

of the scope screen is 7 cm).

To determine the spatial distribution of the pa_'ticle velocities in a plasma

captured by the magnetic field, a fine reticular d:aphragm was provided at

z = 8 cm, splitting the plasma into several jets. The holes in the diaphragm

are aligned with the y axis; their size and the separation between them are

constant, being equal to 8 ram. The plasma passing through this diaphragm

was recorded by a plasmascope moving along the magnetic field. The

results are shown in Figure 4, where the top and the bottom rows of photo-

graphs correspond to oppositely directed magnetic fields; injector to the

right. These photographs were taken at distances 1, 10, 20, and 30cm

[25
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FIGURE 5.

from the diaphragm, respectively (magnetic

field strength 2.7 .10-2 T). We see from

Figure 4 that the pIasma flowing in the

direction of the magnetic field closely adheres
to the lines of force: even at distances of

30cm from the reti:ular diaphragm, the

thin plasma jets 8 rr m thick do not overlap,

forri:ing distinct traces on the scope screen.

The spatial velocity distribution of the ions

in a plasma capturefl by the magnetic field

is thus highly direc:ional, or beamed.

Magnetic probes moving along x and z

axes were applied to determine the

displacement of the magnetic field by the

moving plasmoids; the diaphragm inserted at the olasma inlet for the

purpose ofplasmascope measurements was removed. Figure 5 shows

the peak amplitudes of the magnetic signal as a f::nction of the position

of the probe on the x axis. The probe registered the difference of the

magnetic fields AH, occurring in the absence of p:asma and when a plasmoid

passed by. This figure also gives the distribution of the transverse magnetic

field H_ along the x axis. The variation of the magnetic field strength was

measured for magnetic fields of 4.5.10-2T (the bTack dots in Figure 5) and

1.5.10-2T (circles) at the origin.

It follows from Figure 5 that the magnetic sigr a] increases with the

magnetic field strength, whereas its peak shifts in the direction of smaller

x. However, the displacement of the magnetic fi, qd by the plasma is very

slight (a similar situation was observed in /5/).

The magnetic probe signals point to two effect:;: compression of the

magnetic field prior to the arrival of the plasmoi,: in the probe space,

and subsequent expansion of the previously comp:essed magnetic field.

These two effects are time-resolvable if they are of comparable magnitude;

otherwise, the signal registered will correspond either to compression or

expansion. Figure 6 shows typical oscillograms _f the magnetic probe

signal for a transverse magnetic field of 4.5.10-2T. The first oscillogram
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(Figure 6, a) was taken at x= -15cm; here the magnetic probe registered

only expansion of the magnetic field (the preliminary field compression is

slight). At x= - 1 cm (Figure 6, b), the preliminary compression and the

FIGURE6.

subsequent expansion of the magnetic field are of comparable magnitude,

and the two effects are resolved in time. At x = I1 cm (Figure 6, c) it is
the compression that predominates,

The results obtained for the displacement of the magnetic lines of force

by a piasma moving along the fieId are plotted in Figure 7. The measurements

were made with magnetic probes set on the z axis at x= -4 cm (curve 1)

and x= + 1 em (curve 2). The transverse magnetic fields at the origin

OCzl06, r E._',v/cm

_- 8 _0 }2 _icm 0 , 2 3 _ "zl<r

FIGURE7. FIGURE8.

were 4.5.10-2T (dark dots in Figure 7) and 1.5-10-2T (circles). The

magnetic signal fails off very rapidly as the plasmoid moves along the

magnetic fieId. The probe set at x= -4era shows that the magnetic lines

of force are driven out by the plasmoid, while the probe at x= + 1 ern

registers compression of the magnetic field relative to the field geometry

in the absence of plasma; the actual displacements are again very small.

Control tests were made by measuring the electric field of polarization

setting in when the plasmoid crosses the transverse magnetic field. The

polarization field is a function of the velocity of the plasmoid in the external
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n_agnetic iield and of the internal magnetic field i_Lthe plasma. Therefore,

to find the magnetic field in the plasma, wc must hake independent

n-easurements of the polarization field and of the zelocity of the plasma

al',mg the x axis. Polarization measurements weze carried out using two

4 X 2.5cm 2 plates separated by 2 cm. Tile plates zere inserted in the

plasma stream, and the polarization signal impressed on them was

transmitted directly to the oscilloscope plates. The velocity of the plasma

in various magnetic fields was determined with electric probes. In

Figalre 8, the straight line represents the polarization field calculated for

a plasma whose velocity is equal to the velocity of a plasma without any

external magnetic field and whose internal field is assumed to be equal to

the field in vacuum (the circles in the figure correspond to the experimental

values of the polarization field multiplied by v0 where vo is the velocityT'

of the pK_]ma without external magnetic field, and v the velocity in a field

of given strength). This automatically compensates for the deceleration

of the plasma when the magnetic field strength is increased. The excellent

fitbetween the experimental results, determined by the field in the plasma,

and the calculated line plotted for the field in vacuum confirms the previous

conclusion that the passage of plasma produces a negligible displacement

of the magnetic field lines.

FIGURE9.

The velocities of a plasma moving across the :nagnetic field and captured

by the field were measured with electric probes I egistering the ionic

component of the plasma. A typical oscillogram _f a probe signal is shown

in Figure 9. The two maxima on the oscillogram, the first of which hardly

shows in magnetic signals (see Figure 6), can be identified with two

plasmoids. The velocity of the plasmoids was determined from the slope

of the straight line plotting the displacement of tt_e probe as a function of
the time between the occurrence of the first maximum and a certain point

of the discharge current through the source. In _,ur experiments, the

velocity of the first plasmoid was 2.3.10 4 m/see; the velocity of the second

plasmoid was much less. This configuration is apparently attributable to

the spontaneous velocity distribution of the particles. The first plasmoid

apparently consists of hydrogen ions and multiply charged impurity ions,

whereas the second, slow plasmoid is made up fzom singly charged ions

of carbon, oxygen, and the components of the so_rce electrodes.

The velocity of the plasma trapped by the mag-mtic field was measured

with probes moving along the magnetic field at x = --4 em and x = + 1 cm.

Figure 10 plots the results of those measuremems for two values of the

transverse magnetic field, 1.5.10 -2 and 4.5.10-2T (Azthe displacement
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of the probes in cm; A: the time between the first maximum of the electric

probe signal and a certain point of the discharge current, in /Jsec). The

experimental points for the 1.5.10-2T magnetic field are marked by circles

_Z, cm

° ; °

0 2 4 6 8 ,It, _sec

FIGURE 10,

and those for the 4.5.10-2T field by dark dots.

The linear dependences for the probe at

x-- -4cm are given by curves l, and those

for the probe at x= +Icm by curves 2. It

follows from Figure 10 that the velocity of

the plasma along the magnetic field is the

same for the two probes, being equal to

4.8 .104 m/sec in 1.5.10-2T fields and 6.3-I04

m/sec in 4.5 ,10-2 T fields; this is not much

less than the velocity of the plasma created

by the source. On the other hand, from the

time delay of the signal of the x= +lcm probe

relative to the x= -4cm probe, we can

calculate the average velocity of the plasma

across the magnetic field. For 1.5.10-2T

fields, this velocity is 2.1.104m/sec, and for

4.5.10-2T, it is 1.5.104m/sec, which is less

than the initial velocity of the plasma. The plasma propagating along the

magnetic field is wedgeshaped; the perpendicular to the leading front of the

plasma does not coincide with the direction of its motion.

TABLE 1

Ion

H ÷

C {-4

C +_ 0 _

Percentage j PercentagePercentage

composRion composition penetration
/

11.5

<1

<1

O +'_ 2.0

C+2 7.8

0+2 38

C + 42,2

O + 12 7

AI + 7.7

Fe + 11.5

t/ = 4.5.10 -2 T

5.2 3O%

<1

1

_1 i --

42 37°o

0.8 15%

55 7 9O%

16.3 88 o8

5 7 5{)90

I1,1 70%

I Percentage Percentage

compositio 1[ penetration

H = ?,75.10-2T

1,0 5°o

<1

<1

4,0 3_ %

<1

586 82%

18,0 84%

5 8 45%

I 1.6 60%
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Thepartialescapeof theplasmoidalongthemagneticfield cannotbe
interpretedwithintheframeworkoftheguidin_centermodel. Indeed,all
theparticlesinjectedintothemagneticfield hEvevelocitiespointingat
rightanglesto thefield, withoutanycomponenalongthelinesof force.
Theanisotropyof themagneticpressureexperencedbytheplasmoidis
muchtoosmallto accountfor theeffect. Theongitudinaldrift of the
plasmoidis possiblyattributableto anelectrostaticmechanismconnected
withthespreadof thespacechargearisingon:)olarization.Thereis,
however,noconvincingproofof this, andthequestionremainsopenfor
thetimebeing.

Thomson'smassanalyzer(themethodof parabolas)wasappliedto
determinethecompositionof theplasmoidscr( atedbythe conical source

and of the plasma penetrating through the transverse magnetic field and

captured by the field. We also determined the fraction of ions passing

through magnetic fields of various strengths. The percentage composition

of the plasma penetrating through the magnetic field and of the plasma

generated by the source is listed in Table 1; the percentage of ions passing

through the magnetic field is also given in the lable. We see from Table 1

that the plasma emerging from a transverse m tgnetic field is noticeably

depleted in hydrogen and multiply charged impl rity atoms; the singly

charged ions of carbon, oxygen, aluminum, ant iron pass fairIy well. An

analysis of the composition of the plasma trapred by the magnetic field

revealed hydrogen ions and singly ionized carb_m; no other ions were

detected. The percentage composition of the t] apped plasma is given in

Table 2. Note that the percentage content of hydrogen given in this table

is too low, since measurements were made only after the plasma had left

the magnetic field, so that it was depleted in li,_ht components. However,

even if we neglect this depletion, the content ol hydrogen is fairly high.

TA BLE 2

!Percentage composition of lasma

Ion tt = _.'_ X /t =4.5 X

× 1 cl-_ T X 10-2 T

I I + 30 [ 60

C + _ 70 40

In conclusion we should note that the interaction of hydrogen plasma

with a transverse magnetic field is highly sens tive to the content of the

heavy impurities. A pure hydrogen plasma, wltose impurities had all

been removed in the field of a thoroidal solenoiJ, could not be injected into

a transverse magnetic fieid. The pure hydrog(n plasma was readily

captured by very weak magnetic fields, and did not penetrate through. On

the other hand, the plasma of a conical source :ontaining all the heavy ion

impurities fairly easily passed through tire trar sverse fields applied in

our experiments. The role of heavy ions in the interaction of a plasma

with a transverse magnetic field requires further study.
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A. A. Kalmykov and V, I,Tereshin

INTERACTION OF DENSE PLASMOIDS WITH

A SPACE-PERIODIC MAGNETIC FIELD

1. Our previous investigations /1/ concerning the interaction of

plasmoids with space-periodic magnetic fields wcre made with low-density

plasmoids, _ 1015--1016m-3. It was shown that when the condition of the

characteristic parametric resonance of protons was satisfied,

eBo 2:_
m_o ,%c L v'1 (I)

(Bo the magnetic induction of the uniform magnetic field region; t the period

of the modulation field; vrr the translational velocity of the protons; mp the

mass of the protons), a considerable redistribution of energy between the

components was observed: up to 50% of the energy of the translational

motion of the plasmoid particles was converted to the energy of Larmor

precession. The magnetic moment of the particles would in fact increase

between fairly wide limits around the frequency (I), i.e., the resonance

region is fairly broad. It is significant that almost all the results obtained

with the low-density plasmoids are in satisfactory agreemant with some

calculations made in the one-particle approximation [2, 3/.

The aim of the experiments discussed in this paper was to investigate

the interaction of comparatively dense plasmoids (_ i02_- 10 ')I m -s) with

space-periodic magnetic fields; these plasmoids are of applied significance,

and if the experimental results prove to be positive, the dense plasmoids

can be effectively employed for injection into various magnetic traps.

One-particle approximation does not hold for high-density plasmoids, and

the final outcome of the experiments is therefore by no means obvious.

2. The experimental setup is schematically shown in Figure I, The

uniform magnetic field with an induction of up to 0.2 _%]m a could be

generated over a region some ll0cm long. This field was space-modulated

by a few magnetic coils in "head-on" coupling. The space-modulation

period was 10era, and there were a total of 8.5 periods. The maximal

value of the component b_ of the magnetic field reached 0.0175 !Vb/m z.

b

The depth of modulation_ ranged between 0.10 and 0.20. The periodic
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field geometry terminated with a magnetic mir _or Bmi r _ 0.05--0.4 VJb/m 2

B

(the work was done for mirror ratios _0m'rnot exceeding 4--4.5).

Source

FIGURE 1. Schematic diagram of the exp:rimental setup.

The plasmoids were created by a conical s(.urce with a return conductor

/4, 5/ with pulsed gas inlet. The main param_'ters of the source discharge

circuit: capacitance of condenser bank 6/_F, d scharge period 9.6/_see,

voltage applied to the condenser bank N 17--2,' kV, AV_ 0.49 em 3"atm.

The operation of this source is described in d,,tail in /4, 5/. The conical

source injects plasmoids with a density _ 10-_°--10_lm -_, whose ionic

component contains up to 80--85% of hydrogen. The mean energy of the

protons in the plasmoid at a distance of 2 cm from its axis is 40--45eV.

Ions of different masses and energies are distributed in space so that the

fast light ions concentrate in the plasmoid heaJ, the slower heavy ions

trailing behind. Ions of a given mass and ene "gy are concentrated in a

region which is very small in comparison witt the size of the plasmoid.

A copper pipe 8 cm in diameter and 300 cm long was used as a vacuum

chamber. Over a length of 60 cm in the magnetic mirror region, a

porcelain tube was substituted for the copper )he, to permit microwave

diagnostics.

At a distance of some 300 em from the sou:'ce a drift mass-spectrometer

/6/ was set, displaced by 2cm from the axis. This instrument cut a narrow

ion beam from the plasmoid; the beam energi,.s were analyzed using an

electrostatic condenser, while mass analysis was based on the transit

time of the ions in the drift space. Since iota of given mass and energy

occupy a fairly tight region in the plasmoid (as we have previously observed),

their detection is manifested in a sharp peak ,m the oscilloscope screen.

Figure 2 is an oscillogram of the proton peak with the energy of _ 40 eV

(the source--analyzer drift time of impurity :ons of this energy is somewhat

greater than the time base employed). The amlysis of these peaks recorded

for protons of different energies gave the pro on energy spectra of the

plasmoids under various experimental conditions. The vacuum in the

system was never worse than 2.66.10-4N/m 2.
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3. Theexperimentswereintendedto establishtheexistenceof res:mant
interactionof plasmoidswitha space-periodicmagneticfield werebased
onthefollowingprinciple. If in a certaingroupof plasmoidparticles
passingthroughaperiodicsystempart of the longitudinalenergyis
convertedinto theenergyof transversemotion,thenwithafairly high

_ / smi_ -1
mirror ratio, when W >tB;-0 Y ' the particles will be reflected from th(.

magnetic mirror. Whenever the particles pass through the system so that

their initial transverse energy does not change, they freely penetrate through

the magnetic barrier and reach the drift mass spectrometer.

FIGURE 2. An osctllogram of the proton peak with the energy

d/)
Wt - 4()eV (top trace--osctllogram of source current variation, dt "

The following measurements were thus suggested.

The drift mass spectrometer was used to take the proton energy spectra

of the plasmoids passing through the magnetic field configuration forvarious

relations between the induction B0 of the uniform magnetic field, the

amplitude b_ of the axial modulation field, at,d the magnetic mirror field

Bmi r. For every given pair of values B0 and Bmir, we took comparative

proton spectra for plasmoids passing without field modulation and with

a certain depth (_). These spectra differ to the greatestfield modulation of

extent for modulation depths of _ 0.17--0,18 and mirror ratios of _ 2--2.5.

All subsequent experiments were therefore carried out under" the following

bz Brni r

conditions: _00 = 0.177, _ = 3 (note that these optimal conditions are

consistent with previous experiments /1/).

Figure 3 plots the energy distribution of protons in plasmoids passing

through a moduIation field (dashed curve) and without modulation (solid

curve). These distributions were obtained for a uniform magnetic field

Bo---- 0.055Wb/m _. A comparison of the two curves shows that near the

energies of 45--55 eV (0.93--1.02. 105m/see) the difference in the energy

spectra is the greatest: the deviation of the dashed curve from the solid

curve clearly points to a resonant mechanism. The proton spectrum of

the pIasmoids passing through the modulation field "sags" apparently

because a certain proportion of particles with energies in the 45--55 eV

interval do not penetrate the magnetic mirror: the magnetic moment of
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theseparticlessharplyincreasesdueto their int,_ractionwiththespace-
p,_riodicmagneticfield. A comparisonoftheor(inatesin thetwospectra
(t,'igure3)givestherelativenumberof theserefl?ctedparticles. Some
40--45%of particleswithenergiesin the45--55cV rangeresonate,
redistributingnot lessthan20--25%of their energy(thenumericalestimate
is basedontheconditionof particlereflectionfr(m themirror).

5O 1.0

_0 a8_- _-_

3o

Jo

oJ
30 _10

/ -,_ as
/

50 60 _0 80 _eV

IISUI_I :i. Proto_l _ncrg} spectra of plasmoids

pa_i:/4 thro/#: a ula41tultc field configuration:

h b

solid lhiL e _ 0.1-7; dashed line _z = 0.
B,, Bo

0.2

0
0.03 00,_ 005 008 0.07 0_8.Wb/m z

FIGURE 4. "'he changeintherelativenumber

of 54 eV p_)tons penetrating through the

magnetic m rror as a function of the uniform

magnetic fb ld B,.

Note that the region of resonant energies for _. given magnetic field B,_

shifts in the direction of higher energies as the uniform magnetic field

decreases.

Somewhat different measurements were made under the following

conditions. The drift mass analyzer was tuned to record protons of a

certain energy (Figure 2), specifically W_= 54e\ (u-_ 1.02 .10am/see).

The induction of the uniform magnetic field Bn was chosen as the variable

parameter. The amplitudes of the proton peaks )btained with (Am) and

without (A) modulation were compared for differt nt magnetic inductions.

The relative change in the number of particles el a given energy penetrating

Am
through the magnetic mirror, _ , is plotted in F gure 4 as a function of

the uniform magnetic field B,,. We see that the clrve represents a distinct

re:_onuntdependencewithafairlywideresonance r_gion, _ 0.015--0.02 Wb/m2;

this is consistent with the width of the resonance region obtained in

previous experiments (Figure 3). Similar resul_s were obtained with the

mass spectrometer tuned to protons of other energies, but the resonance

rtgion was somewhat displaced in accordance wi:h (i).

Another series of experiments investigating the resonant interaction of

plasmoids with magnetic fields cal]ed for the ap[ lication of microwave

techniques. All measurements were made undel the same conditions as

beforu, using a mass spectrometer. The cutoff of 8- and 4-ram electro-

magnetic waves by plasmoids before and after the magnetic mirror was

measured with and without field modulation, for various magnetic fields B0.

The measurements show that for certain values ,)f the magnetic induction,

the cutoff becomes considerably longer (by as m lch as 50%) when modulation
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is turned on (without modulation, the length of the cutoffs at 8- and 4-ram

wavelengths for plasmoids before the mirror is 100 and 60_sec,respectively,

for B0 = 0.06Wb/m 2, varying with the strength of the driving magnetic field).

Oscillograms of these signals are shown in Figure 5.

This cutoff lengthening is apparently observed when part of the particles
with a density above the critical value at the given wavelength (1.8 .1019 and

8.1019m-a) is reflected from the magnetic barrier and again passes across

the antenna with a certain time delay, i.e., this corresponds to the

elongation of a plasmoid with a density greater than _zc_. The effect is most

pronounced in magnetic fields where particles with energies close to the

mean (Figure 3) resonate, since it is in this case ttmt the number of

resonance particles is greatest. Figures 6 and 7 plot the relative

lengthening AT of the cutoffs when modulation is turned on, :_s a function of
T

the uniform magnetic field Bo(here _XTis the difference m cutoff lengths

measured with and without modulation). We see from the graphs that the

relative change in cutoff length as a function of the magnetic field follows

a resonance curve, and that the resonan('e regions in these curves are all
correiated.

FIGURE S. Mic:o_avc catof( ia pIasmoidshefore the lnaguetic micro[:

a, b) probilig _,itia >-mtl/ electromagnetic \,d_.lk; _2, d) probing _ith

t,z bz

4-ram electromagnetic waw'; a. c) _- = 0.177: b, d) -BT = O.

Since we used beamed microwave antennas, the behavior of individual

plasmoids could be investigated. In l>igure 6, the solid line corresponds

to the probing of the central part of a plasmoid 4 cm in diameter with an

8-ram electromagnetic wave, while the dashed curve has been obtained for

the part of the plasmoid located on one side of the axial horizontal plane.

In the latter case, the cutoff lengthening in resonance is more pronounced;

this is apparently so because in the former case a large proportion of the

protons in the axial region do not take part in the resonance, since the
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radial component of the modulation field is zero on the axis, increasing

along the radius toward the periphery.

The solid curve in Figure 7 plots the same d_pendence as the curves

in Figure 6, but here a 4-ram electromagnetic _ave is used (the micro °

wave antenna is displaced by N 2 em from the axis).

All the curves are peaked around B0_0.06V_b]m 2. This result is

consistent with the previous data obtained in the one-particle approximation

/I/. From (i) it follows that for B0_0.06Wb/m z particles with energies

close to W,_ 50eV are in resonance, and in accordance with our experiments

this energy corresponds to the peak in the energy distribution curve

(Figure 3). As the field is further increased (B_ > 0.06Wb/m2), the relative

lengthening of the microwave cutoffs (Figures 6 7) decreases, but without

reaching the zero mark, it again increases in nagnetic fields _ 0.075--

--0.080 Wb/m 2.
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FIGURE 6, Relative lengthening of 8-rnm

stgnal c_ltoff as a function of the uniform

magn_'tic field Bo (before tile magnetic

m lrror).

B,Wb/m _

F1GURE 7. Relative change in the length

of the 4-ram signal cutoff as a function

of the unif _rm magnetic field B0.

This trend can be interpreted as follows, ht fairly strong fields

(B0 > 0.06 Whim2), a considerable number of p_rticles with energies above

the mean will resonate, so that some plasmoid elongation is observed when

these particles are reflected from the magnetic: mirror. The growth of the

relative cutoff lengthening in fields B_-_ 0.08 Whim 2 is attributable to the

resonance of the protons created in the third h df-period of the source

discharge ]5/, whose mean energy is N 75eV v- _ 1.2.105m/see), so that

the total number of resonance particles again increases.

Another experimental fact deserves special attention. Despite the very

considerable length of the plasmoids (length of microwave cutoff without

modulation _ 70--100psec), they are further elongated by as much as 50%,

although the resonance particles constitute but a minor fraction of the

plasmoid (no more than a few tens of microse(onds). Cutoff lengthening

is apparently due to the following mechanism. The energy of the resonance

protons is redistributed, and they are reflected from the magnetic barrier

moving against the prevailing motion of the re _t of the plasmoid. On the

other hand, the density of the particles near tile magnetic mirror may be

much higher than the density of the plasmoid t_il colliding with the reflected

stream. The plasmoid may thus be elongated due to the reflection of its tail

from this obstacle as from a rigid wall.
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The dashed curve in Figure 7 represents the relative change in the

length of 4-mm siFnal cutoff f_r a plasmoid penetrating tilr(_ugh the

magnetic mirror. We see from the graph that the plasmoid is somewhat

foreshortened once it has passed through the modulation field; this is also

a resonant curve, not unlike those obtained in the probing of plasmoids

before the mirror. The maximum contraction of the plasmoid after the

mirror is synchronized with its maximum elongation before the mirror,

when a high proportion of the protons are reflected from the magnetic barrier.

4. In these experiments we operated with high-density plasmoids (10 ::°-

nkT

--1021 m -3) having a large kinetic-to~magnetic pressure ratio, _ = --/_y = 0.5.

brc

Under these conditions, the modulation magnetic field is highly screened,

i.e., it cannot penetrate into the plasmoid to any substantial depth. But

there is nevertheless a considerable conversion of the translational energy

of the plasmoid particles into the energy of Larmor precession when the

plasmoids interact with the space-periodic magnetic field. All the results

of this study are in good agreement with earlier results [1, 2/, obtained

in the one-particle approximation.

The observed resonant redistribution of the particle energy in a dense

plasmoid makes these systems suitable for injection into magnetic traps.

This technique, due to the substantial increase of the particle magnetic

moment, should lead to an effective entrapment of the particles. Further-

more, the plasma accumulating in the trap should be stable. The injection

of the plasma into the system makes it possible to avoid beam instabilities,

ari-_ing when charged particles are injected. On the other hand, combination

of these space-periodic fields with fields of trap geometry will apparently

enable us to prevent the most harmful mode of instability, namely the

convective instability, since the resultant magnetic field in the trap, like

in /7/, will increase both along the axis and along the radius (from the

center outward). Last, as we have previously observed [1], this system

should lead to resonance filtering of various plasma impurities.
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l.l.Bakaev, Yu.G.Zalesskii, N.I. Nazarov, V.T.T)Iok,

and A. M. Ukrainskii

PENETRATION OF PLASMOIDS THROUGH A MAGNETIC

BARRIER IN THE PRESENCE OF R-F FIEI,DS

The capture efficiency of a magnetic trap with rlirrors for plasmoids

injected along the trap axis is substantially determ ned by the transverse

energy of the plasmoid particles. In this paper, w_ present some

preliminary results on the penetration of plasmoid:; through a magnetic

mirror in the presence of an r-f field.

The experiments were made on a setup (Figure 1, a) comprising a

conical inductive plasma source 4, a plasma guide 1 (2.5m long), a

solenoid 3 setting up a quasistatic magnetic field, :rod an induction coil 2.

When a 6.10-3F condenser b.ank is discharged through the solenoid, the

magnetic field increases to its maximum in 10msec. Plasmoid injection

and all the measurements were made when the ma_netic field remained

virtually constant. The magnetic field distributior along the solenoid was

Fo generator

® ®BBBO8
a

[
b

FIGURE 1.

measured by an improved variety of the conventio _al technique. The

magnetic probe traveled on a resistor along the a::is of the solenoid, which

was fed by the main current. The d.c. voltage agplied to the resistor was

proportional to the distance along the solenoid. 7he probe signal was fed

to the vertical plates of an oscilloscope (ENO-1), while the time base was

connected with the resistor. The oscilloscope se -een thus displayed the

magnetic field configuration (Figure 2), a trap wi h two mirrors. The

first mirror, the one inside the induction coil (Fibre 1, b), had a uniform

field region 50cm long, with a field of up to 480k_./m. The magnetic field

in the second mirror was 720kA/m. the field between the mirrors 240kA/m.

The absolute strength of the magnetic field was treasured by the method of

electron cyclotron resonance at 9370Mc/s. The _lasmoid was ejected from

a region with a magnetic field close to zero. The parameters of the

plasmoid penetrating through the inlet magnetic barrier and traveling in the

uniform field region wero as follows: vclo,'ity v= 6.106cm/sec, density

n . 1.7.1013cm-3. An induction coil generating a space-periodic electro-

magnetic field with a wavelength _,= 20cm fed tte r-f energy into the

plasmoid. This coil served as the inductance of :m oscillator circuit

supplied by a 10Mc/s generator. Natural oscillations with the following
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dispersion relation /1/ were excited in a plasmoid passing inside the coil:

kZc _ I v2c _ £2 _"

(the high-frequency branch of the fast magnetohydrodynamic wave), where

2,'I .

k= _7] is the longitudinal wave number, v the radial wave number, _,_ the

frequency, _0, electron cyclotron frequency, .Q electron plasma frequency,

c the velocity of light.

FIGURE 2.

Resonance excitation and damping of these oscillations in a plasma

column was treated in detail in /i, 2/. Figure 3 plots the r-f voltage as

a function of the magnetic field. This curve points to an effective resonant

absorption of r-f energy by a plasma in magnetic fields of 120kA/m. For

the case of longitudinal wave propagation (k = 0.3, v = 0), the density

calculated from the dispersion relation is 2.1013em -3, which is in good

agreement with the plasmoid density measured from 8-mm signal cutoff.

?_c. rel. tin

o,,,,..

_0

20 60 O0 140I_ 220260H, kAIm

FIGLIRE 3.

LIp, rel. tin

30 k\

,!

10
\ /

\ /

9 t8 27?

FIGURE 4.

275



Diamagneticmeasurementswerecarriedout to establishtheinfluence
of ther-f field onthepenetrationof theplasmoidthrough the magnetic

mirror. The diamagnetic probe comprised a multiturn coil with an i.d.

of 2 cm, enclosed in a glass envelope. The probe fitted around the plasma

column, traveling along the solenoid axis. The sum signal was fed to an

oscilloscope (OK-17). The results of measuremmts are shown in Figure 4.

The origin corresponds to the position of the magretic field maximum in the

second mirror. During measurements, the probe traveled in the direction

of decreasing magnetic field, into the trap.

The dashed curve in Figure 4 plots the distribu ion of the magnetic field

along the z axis. Curve 1 gives the amplitude of tie diamagnetic signal as

a function of z when the r-f field is turned off. The pattern changes when

an r-f field is impressed. Curve 2 shows a considerable attenuation of the

diamagnetic signal in the mirror. Signal attenuation in the mirror and its

amplification in the trap should be attributed to the reflection of the plasmoid

from the mirror.

In this preliminary experiment with low r-f power we thus established

that the absorption of r-f energy by a plasmoid hac[ a considerable influence

on its capture in a magnetic trap with mirrors,
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TttE BEtIAVIOR OF DENSE PLASMOIDS IN A

LONGITUDINAL MAGNETIC FIELD

We have previously proposed a method /1/ for the probing of a plasma

by a beam of fast neutral hydrogen atoms. This t'chnique makes it possible

to measure with fair accuracy the density of the pasma intercepted by the

beam, as well as its distribution in time and in space.

After the first satisfactory results had beenob ained, the method of

plasma probing with a neutral beam was applied t( investigate the various

modes of operation of the conical plasma source v ith pulsed hydrogen inlet

used in experiments, and also the behavior of dense plasmoids moving in a

longitudinal magnetic field.
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The geometry

Experiments were made using the same setup as in /i/. The system

consists of two basic units: a source of fast neutral particles and an ejector

of pure hydrogen plasmoids moving in a longitudinal magnetic field. Figure

I shows the geometry of the chamber where the plasmoid moves. The

4 7 8 $

FIGUP, E 1.

plasmoid generated by the source 1 is

ejected into an extended chamber 2

immersed in a magnetic field set up by

the coils 3. The chamber 2 is _ 1.5m

long, 80ram in diameter. To prevent free

access of nonionized gas from the source,

which trails by diffusion behind th{'

plasmoid, and to eliminate, _l l{'P.st

partially, the influence of the inlet

geometry of the magnetic field on the

plasmoid, a diaphragm 4 some 25mm in

diameter was provided in the region of

the uniform magnetic field, at a distance

of 15--20cm from the coil entry position. At a distance of _ 1.2 m from

the source 1 and _ 80cm from the diaphrngm 4, the plasmoid was

intercepted by the probing neutral beam 5 with a diameter of 5ram. A

collecting iris 6 was provided directly before the beam; its diameter could

vary continuously from 8 to 50ram during the experiments. Depending on

the particular experimental conditions, additional diaphragms 7 were

interposed in positions I, II, III (either one of these, or all three together).

Experimental results

The first series of experiments dealt with the various modes of oper:_tion

of the conical plasma source with pulsed gas inlet us{'d in our work. Its

design and parameters are described in detail in /2/.

The operating mode of the pulsed valve through which the gns was

admitted into the chamber was chosen so that the nonionized gaseous tail

was reduced to the mininmm without affecting the intensity of the plasmoid.

FIGURE 2.
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Figure 2 is a typical oscillogram showing the a.tenuation of the neutral

beam crossing a plasmoid. These oscillogram_ always distinctly show

the leading fuliy ionized component with a maximum some 7/_sec after the

signal start, and the second trailing component peaked around 35--40_sec

after the signal start, with the degree of ionization gradually falling off

toward the pIasmoid "tail". In all subsequent experiments we studied the

behavior of the two plasmoid components.

Figure 3 gives the plasmoid density as a fun-.tion of the voltage applied

to the source condensers, as a characteristic cf the source operating mode.

We see from the figure that the plasma density increases steeeply with the

discharge voltage, possibly reaching 10 z5 cm -3.
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In all subsequent experiments the plasma so zrce was maintained in a

constant mode of operation, allowing a moderate inflow of gas into the source

(some 0.5cm 3) and a voltage of 10--12kV. ttig_ voltages entail high

impurity content, which of necessity lowers the accuracy of our technique.

Figure 4 gives the transmission of the plash a through the chamber as

a function of the longitudinal magnetic field. Czrve 1 plots the number of

ions in the first maximum (7/asec after the sigcal start), and curve 2 tile

number of ions in the second maximum (35usec after the signal start).

We see from the figure that in low magnetic fie ds the particle density

increases sharply as the field rises to (0.72--0 80) .10aA/m; then the growth

slows down and gradually levels off. In these f elds almost the entire

plasmoid passes through the inlet diaphragm, and further increase in

magnetic field strength does not affect the dens ty of the plasma.

The next series of experiments was concern._d with the divergence of

the plasmoid in various magnetic fields. We pl)tted several plasma density

curves for various geometries of plasrnoid pro r agation in the chamber 2

(Figure 1).

Figure 5 gives the plasmoid density as a fun,:tion of the magnetic field

in the following cases: curve 1- inlet diaphragm 4 and free motion of the

plasmoid along the chamber to interception witt probing beam; curve 2 --
additional diaphragm interposed in position I (3{I mm in diameter) at a

distance of 15 cm before the probing beam; curxe 3 --three additional

diaphragms interposed in positions I, II, III (ea(h 30 mm in diameter).
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An analysis of these curves shows that in weak magnetic fields the plasmoid

spreads easily, possibly due to collision with chamber walls and subsequent

reflection; this explains the initial trend of the,curves, which do not coincide.
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FIGURE ,5.

As the magnetic field increases, the

plasmoid is compressed: it is detached

from the walls and moves alo__g the

chamber with a comparatively small

spread. Almost the entire plasmoid

passes through the diaphragm in

position I, which is obvious from the

merging of curves 1 and 2 in Figure 5

in high magnetic fields (/q= 1.6.10SA/m).

Comparison of curves 2 and 3 indicates

that in this geometry the plasmoid in

the presence of a magnetic field does

not follow the geometrical laws of

divergence (otherwise curves 2 and 3

would have merged in high magnetic

fields): interposing several diaphragms,

we affect the motion of the plasmoid as a whole. This is apparently so

because the particles trace helical trajectories in the magnetic field: the

particles passing through a single diaphragm are therefore collected from

a larger solid angle than that prescribed by the geometry of the diaphragms

(oblique incidence of the particles moving in helixes). With three diaphragms,

however, particles passing obliquely through one diaphragm are inevitably

stopped by the next diaphragm. We must also consider another possibility,

namely that the diaphragm introduces a certain perturbation into the plasma

stream, causing additional divergence (flow of a fast stream past an

obstacle). Anyhow, these distortions are insignificant, and the separation

between curves 2 and 3 in the region of strong magnetic fields is not much

greater than the margin of error.

Special experiments were carried out to find the radial distribution

of plasma density.

Figure 6 gives the number of H_particles passing through the iris 6

with its diameter varying from 8 to 50ram; the iris was interposed directly

before the probing beam, no other intermediate diaphragms were used

(curve I). A diaphragm w!th a diameter equal to the inlet diameter 4 was

then set in position I and alternately moved to positions It (curve 2) and

III (curve 3). Differentiation of these curves gave the radial distribution

of density in the plasmoid and its spread in the presence of a magnetic

field. Figure 7 plots the results of this differentiation. We see from the

figure that the plasmoid has a well defined dense component, spreading

but insignificantly in the presence of a magnetic field. The mean plasmoid

diameter changes from 20 to 25mm between the two ends of the chamber,

over a path some 80cm long. All the foregoing applies to the fully ionized

leading plasmoid. Analogous dependences were obtained for the second

component also.

For the sake of comparison, Figure 8 gives the number of passing

particles as a function of the iris diameter for the first (curve I) and the

second (curve 2) plasmoid components. They have the same slope, which

corresponds to equal axial density. The derivatives of the two curves are

shown in Figure 9 (curves 1 and 2, respectively). It follows that the two
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plasmoids have different diameters. Theirtotaldiametersare30and45mrn,

respectively. The results of this experiment _re in exee]lent agreement with

plasmascope observations.
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The experiments studying the behavior of :t plasmoid in a magnetic field

lead to the following conclusions.

The plasmoid has two fairly well definec components. The two

components behave identically in the presenc,; of a magnetic field. The

spread of the plasmoid is highly sensitive to 'he magnetic field up to

0.8.105A/m. Further increase in magnetic tLeld strength radically reduces

the spread of plasma, and ina field of 1.2-105A/m virtually no plasmoid

divergence is observed over a distance of _ _0cm. The first and the

second plasmoid components have slightly ditferent diameters. The second

plasmoid is approximately 1.5 times as broa( as the first.
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If. A. Khizhnyak

INTERACTION OF SMALL PLASMOIDS WITH

EXTERNAL MAGNETIC FIELDS

The model of a flexible current-carrying loop is often applied to describe

the interaction of small plasmoids with external magnetic fields /3/. This

approximation was justified in /4], where it was shown that the loop model

could be obtained by averaging the Lagrangian of a system consisting of

numerous positively and negatively charged particles.

The interaction of a plasma stream with external fields can also be

described within the framework of magnetobydrodynamics. It would

therefore be interesting to consider the advantages and the shortcomings

of the two techniques as applied to the analysis of plasmoid interactions.

In this paper we show that the equations of the flexible loop model are

equivalent to the magnetohydrodynamie equations, from which they can

actually be derived; in some particular cases, however, they are much

more convenient in application that the equations of hydrodynamics, as they

reduce the problem to one in ordinary differential equations.

In the magnetohydrodynamic approximation, neglecting the dissipative

terms, a plasma stream is described by the well known set of equations

[

+ivv..)=-vp-
(1)

_t _- -F div (@v)= O, dJvH = O.

A bounded plasma configuration (a plasmoid) is more conveniently treated

in terms of Lagrange variables, so that equations (1) take the form

dv I

O-_- = -: Vp -- _-{H rot HI,

S t dr0.as=0 e=_0[_!, di, H=0.
S

dr = dxdydz

In the second equation of (2), the integral is taken over the area of the

plasmoid cross section at right angles to the velocity vector. In the third

I dro 'l

equation I_-] represents the change in the initial volume dro as the plasmoid

moves.

Tbe magnetic field H is the resultant of the field H0 set up by the coils

and the field Ht of the currents induced in the plasmoid. Hence,

The integral _H_dSis equal to the magnetic flux of the currents induced in
S

the plasmoid. This quantity is easily expressible in terms of the total

current in the plasmoid, l, and its self-inductance L:

L/ (3)
I HldS = k -_- ,
$
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where the factor k is determined by the plasmoid geometry. If the plasmoid

is annular, and the surface 5 is uniquely defined, then k-- i. The second

equation of (2) thus reduces to the well known equation of electrical

equilibrium in the loop approximation

d/'L/ _ I_rL_-_ + _ I._s---0 , (4)
b

and the total current in the plasmoid can be expressed in terms of a known

magnetic field Ho.

C-iven equation (4), we can proceed with a comparison of the two

techniques. The magnetohydrodynamic descript on of the interaction of a

p!asmoid with the fields is complicated by the fact thai'the equations of

motion contain the total magnetic field in the plasmoid, while only the field

H0 is known (which is actually a certain function of position and time). The

determination of the total field in accordance with equations (I) is a fairly

complex problem. On the other hand, with the l)op model, relation (4)

immediately gives the total induced current in t>e plasmoid, providing

the plasmoid self-inductance and the factor k ar,_ known. The difficulties

encountered in the magnetohydrodynamic descri _tion of plasmoid-field

interaction now reduce to the calculaticn of the i.lasmoid self-inductance.

But, as shown in /4/, the self-inductance of a p asmoid is highly insensitive

to such factors as particle density distribution within the plasmoid and the

distribution of the induced currents. This implies that the magnetohydro-

dynamic approximation offers a much too detailed picture of the plasmoid-

field interaction, whereas the loop model explains the more salient features

of this phenomenon.

In what follows we shall show that the equati( ns of motion of a plasmoid

can also be expressed in terms of the total current in the plasmoid and its

self-inductance, thus completely justifying the model of the flexible current-

carrying loop within the framework of magneto}'ydrodynamics.

The second relation of (2) or its equivalent (,:) are generally considered

for the case of adiabatic motion of a plasma. ]his assumption is thought

to s mplify the qualitative analysis of plasma m_tion. In reality, however,

this is an imagniary simplification, since the aliabatic conditions are

associated with the total magnetic field, which s mostly unknown. It is

only in cases when the total field virtually coin(ides with the externally

i0,_
impressed field, i.e., according to ]4], for lo'¢-density plasmoids (n<

f--_a

where r. is the plasmoid radius), that the adiabatic conditions are indeed

convenient for qualitative analysis of plasmoid motion.

To obtain the equations of motion of a plasm_id in terms of the total

current ar:d its self-inductance, we integrate tLe equation of motion over

the plasmoid volume:

d, , ! _4_.._[H, rotHOdr 'IQ_Fdr=--f_Tpdr-- _- {H. rotH,}dr-
V V _'

where we made use of the fact that rot 1-10= 0,

Applying the equation of continuity (the third equation in (2)), we can
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easily show that

.iQ _- dr = Qv_r. (5)
V '/

where Qv is the total flux of the plasma. It is made up from the motion of

the plasmoid as one whole and from the motion due to the deformation of

the plasmoid (radial displacement and longitudinal dilatation or compression).

The term _ Vpdr is associated with internal forces; it makes no contribution
v

to the motion of the plasmoid as one whole and its significance is limited

to deformation d:spiacements. We therefore must establish the exact

meaning of the terms containing the magnetic field.

The total current in the plasmoid is written as

I = l_ [jdr, i.e., _littoi,to' = tll"ol, (6)
E I'

where / is the length of the loop along the plasmoid periphery, at right

angles to the velocity vector.

The total magnetic energy of the currents in the plasmoid is

V V

where L is its self-inductance. In general, L is a tensor, but we shall

consider the motion of a plasmoid in an axially-symmetric magnetic field,

when only y-currents are induced in the plasmoid, so that L maybe regarded

as a scalar. From (6) and (7), we have for the self-inductance

L=_,!j(r) dr!/_r[, (8)

where the integral is taken over the entire volume of the plasmoid.

Comparing this expression with the expression for the self-inductance

of a p]asmoid in ]4[, we see that it is identical with the second part of the

plasmoid self-inductance, which is of decisive significance in dense

plasmoids. It is easily seen that the self-inductance (8) of a plasmoid is

determined by its geometry, and not by the position in the interaction

space, provided the distribution of currents inside the plasmoid remains

constant as it moves in the magnetic field. Indeed,

j = enu,

where u (r/ is the velocity of the current-carrying component in the plasmoid.

If u : ,.,g' lr), where u, characterizes the rotational velocity, and _(r)is the

distribution of these velocities in the plasmoid, we have

l-2 _z! n (rl _1/(r) dr _ n (r) * {t') ¢°s (_ - _p'I dr' (9)L IS_.,_>_ ' _ i_:=e_
V

depending on the plasmoid geometry only.
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Let uscalculatethequantity

_7 LI2 ' ! ;Q'u°'(")dr' uTc -_ _ ...... , - 2_"-' V Ouog"(r) _tr - - krZ r; i....

or, applying the equation of continuity (the third equation in (2)), we reduce

the integral to the initial volume of the plasmoid

_C" t ....... t = '2_ V _oUo_: (r01 dro • , +
v, _,,,Iro -- ro4- _i I , "° I .... ,;_t

By definition, _'(r) is invariant under this transformation, while the difference

r-- r'iacquires an additionalterm with _ characterizing the deformation of

the plasmoid. The gradient is therefore calculated with respect to the

variable _', so that

I; .... n s [ ....I_ 1 I [ Oo_ (rf_) uodr o

i'o [ v. It0-- r;-r- _oi J v.

or in ori_inal variables

5L_. V_L=_ - qr)g'(r)dr u0rot ,:Zr_ '/+
V

k_lr') g_ (r I

-t- _ 0(r)_(r)dr u_lgrad -;r--"°- "

When the plasmoid moves in an axially-symr_etrie magnetic field, the

velocity u. has a _f-eomponent only, while the argle _o enters the expression

l r--r'ionly. On differentiation with respect to u and subsequent integration

between 0 and 27r, the second term vanishes. Hence,

ec_7 VL = (r)dr r0t i )(r')d '_ ] =

1.
V V

If the external magnetic field is fairly constant over distances comparable

with the size of the plasmoid, the magnetic terzas in the equation of motion

can be written in the fhm2 form

l , ]l

C- IltloJ m _ VL.

The term with VL is associated with the deformation of the plasmoid,

and it has no influence on the motion of its mass center. The motion of
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the p]asmoid as one whole is therefore described by the equation

,t:L*Z 2,'Ir

MA 3t_ = -C [IHoJ_. (11)

The equation of radial motion is

d_v 2:Tr I a ()L f OpMA,'_}? : -_ [IH.L ÷ _c. _ _7 -- _/dr, (12)
J
V

and the equation of lon_{itudinal dilatation or compression

MN '_: : _6"_/"o/.o_--.I. _ dr. ( 1 3)
V

OL
In the model of a flexible current-carrying loop -o_= 0 and p= O.

Equations (11)--(13) therefore reduce to ordinary equations of a flexible

loop / 1/.

For thc set of equations (4) and (11) --(i3) to be closed, we must show

that the self-inductance defined by (3) is equivalent to the self-inductance

defined by (8). To this end, applying (6) and (8}, we calculate the quantity

LJ l

-U = -c "

j' j(r) dr . _" j(r')dr'ir_-Tr'[ I S n_(r)A¢(rpdr
l' V V

S J(r) dr! S n* (r) dr
1 v

On the other haled, for an axially-symmetric magnetic field

kZc=jH,dS: rot AdS=IA_
S S r = rbn d

Therefore

(j n_{r)A {r) dr)¢

a,,r,:,,o_._'_ i*rig (r) dr

and the factor k is determined from the equality. It is obvious that for

a constant g(r), the factor k is also constant, relating the volume-average

vector potential Acwith its value at the plasmoid periphery. It is also

obvious that for ,4,_ = ,4,_. k = I.

The equations of a flexible current-carrying loop thus follow directly

from the equations of magnetohydrodynamics and give a fairly accurate

description of the interaction of a small plasmoid with external magnetic

fields. For extended plasmoids, the magnetic forces are essentially

volume forces and the approximation of a single current-carrying loop is

inadequate. It is however clear that by dividing the extended plasmoid

into a finite number of small ptasmoids and introducing the mutual inductance

of the component plasmoids, we reduce the complex problem in partial

differential equations to a simpler problem in ordinary differential equations.
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B.G. Safronov, and V.T.Tolok

THE MOTION OF PLASMOIDS IN A HELICAL

MAGNETIC FIELD

The motion of plasmoids along the magneti: field of a toroidal solenoid

and the loss of particles to the walls of the pl;tsma guide were studied

experimentally in [1--6/. Transmission of d_nse plasmoids and filtering

of impurities were observed in curved magne ic fields (in [5/, fop densities

n > 1013cm-3}. This is in contradiction with the theory /2/, which for the

densities and the magnetic fields employed predicts electric polarization

fields sufficient for ejecting the entire plasmt to the walls of the plasma

guide.

The motion of a dense plasma along a curved magnetic field and its

purification from the heavy components is apparently governed by some

additional effects which substantially attenuat _ the force of the polarization

fields. A recent work [6/ suggests that the (xperimentally observed

transmission of a dense plasma and its purifi :ation are due to the shorting

of the polarization fields by currents, whose _trength can be very small.

The transmission of plasmoids and the rerloval of the heavy impurities

in helical magnetic fields should be investiga!ed with a view to the newly

established possibility of injecting plasma int_ closed magnetic traps /7[.

The present paper discusses the results obta ned in the magnetic field of

a toroidal solenoid with a helical winding.

Apparatus and procedure

A schematic diagram of the setup is show_L in Figure 1. A U-shaped

vacuum chamber I was made of a copper pipe with an i.d. of 8 em and a

radius of curvature R= 42cm; the length of*ach straight leg was 82cm.

Fourteen one-layer coils 2, eleven turns in each coil, set up a driving

magnetic field from 0 to 80 kA/m in the entir_ chamber.

The curved section of the chamber was fitted with a three-turn helical

winding 4, with a pitch of 134 cm. The radiLs of the helix a= 5.4cm,
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pitch angle (L= 0.24 rad, maximum current up to 2200A. The curved base

was joined to the straight legs by cylindrizers [circulizers] /8/, each

To vacuum

2-_ _,

'

.5 81 I_

To vacuum

FIGURF 1. Schematic diagram of the

experimental set up.

11.2 cm long with atapering tangent of e= 0.5.

The helical winding and the driving field coils

were made of water-cooled copper tubes,

supplied by separate d.c. generators.

The field coils along the curved section

were set using a rotating electron gun /8/.

The geometry of the magnetic surfaces was

displayed on a fluorescent screen.

The plasma was injected into the chamber

by a conical source 3 with a return conductor

/9/; the source generated plasmoids with a

density n> 1013era -3 and a velocity of up to

10sin/see. A length of glass tubing 6 was

provided at the outlet, where the plasma

was probed with a 3-era electromagnetic

wave 5 and then analyzed with a Thomson

mass spectrometer 7.

The percentage content of the various

components in the plasma and the degree of their transmission for various

driving-to-helical field ratios could be determined using calibrated MK

plates /10/ (for which the density vs. ion beam intensity is known for

various ion masses and energies). The cutoff of the 3-era signal provided

information on the velocity and the density of the transmitted plasma.

Experiments and results

Preliminary density and velocity measurements showed that the best

transmission of the plasmoid through the curved section was observed for

ft_ = 48 k_A/m and /= 2000A. The cutoff of the 3-cm signal shown in t_qe

oseillograms in Figure 2 indicates that in the optimal case ( H, = 48 kA/m,

I = 2000A) the amount of plasma with a comparatively low velocity

(v = 2 .104m/see and less) and high density (n > 1012 era-a) increases

considerably. The fast head (v= 1.105m/see) has a lower density.

For 17kV discharge voltage, the plasma source used in our experiments

gave, besides hydrogen, some 80% of impurities, including variously
charged ions of carbon and oxygen /5/ (see Figure 3, which shows the

mass spectrogram of the plasmoid generated by a source of this type and

analyzed at a distance of some 40cm from the source). Figure 4 gives

mass spectrograms of plasmoids penetrating through a toroidal and a
helical magnetic fields. We see that the helicai field filters off the

impurities, while the amount of transmitted plasma is substantially greater
than in the case of a toroidal field. Hydrogen ions account for some 80%

of the total number of particles at the output in both cases. The impurities

remaining in the plasma (mostly C+; the content of H +, O +, C 2+ is less by

one order of magnitude) apparently originate in the slow component of the

plasmoid, which is just transmitted /6/. The suggestion that these

impurities are derived from the films of diffusion pump oil bombarded by

the plasmoid was disproved by the following experiment. A Teflon cone
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FIGURE 2 The cutoff of the S-cm signal for various H z aI d /:

a) Mz-'- ¢Sk,'\/nL I= 0: b) Hz = 4'_kA/m, /= _00A; c) I z= 4_kA/m, /= 2000A;

d) /'/z = 72kA/:::, l= 2200A

FIGURE 3. The mass spectrogram of a plasmoi_4Ocm from

the conical source.
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(FzC = CF:,) was inserted in the source with the purpose of injecting fluorine

ions into the plasmoid. Fluorine impurities obviously could not intrude from

the diffusion pump oil; they had almost the same percentage penetration as

C + ions and were resolved simultaneously with the latter by the mass spectro-

meter. F + ions were observed to penetrate through the curved section,

and this unambiguously proved that source impurities did pass through.

FIGURE 4. Mass spectrograms of transmitted plasmoids:

a) toroidal magnetic field(/Q_ 48kA/m. t= 0); b) hcheal :nagn_,tic

fLcld(/_t,_ 48kA/m, At= 2000A).

0, tel, un, 0, rel. un.
_0 _0

H+

30 _'_ 3O

2o x_ \
/

10 i _ tO

400 SO0 1200 _00 2_OOga 0 20 40 60 80Hz, kA/m

FIGURE 5. Iransrnission and purification

of 3 plasmoid as a function of the current

/ throHgh the helical _,inding.

FIGURE 6. Transmission and purification

of a plasmoid as a function of the driving

magnetic field H z.

For a driving magnetic field H,= 48kA[m, we plotted the transmission

of the plasma and the filtering off of the impurities as a function of the

current in the helical winding (Figure 5). These curves show that the

percentage content of impurities does not increase with helix current,

whereas the transmission of the plasmoid is improved considerably.
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For a helixcurrent l= 2000A, we plottedth_ _ penetration of the plasma

as a function of the driving magnetic field Hz (Figure 6). Highest penetration

of hydrogen is ob, erved approximately for

q

Q rel, un. _)r

30] H" 30Orel .....

-lO -5 0 5 tOr.mmO 5 /O_,mm

FIGURE 7 Particle distribution across

a plasmoid measured with a mass

spcctronleter:

Itz _ 4qkA/m, I _ 2000A.

H z = 48 kA/m; the content of impurities does

not increase.

The general tr,_nd of the curves does not

change when the ptasmoid density at the

chamber inlet is _aried (the density was

altered by adjusting the voltage applied to

the source condensers). The outlet density,

however, was found to increase with the

density of the injected plasma.

Figure 7 shows the cross sectional

distribution of hydrogen ions and of the

impurities for H,-- 48kA/m and 1= 2000A.

The density of the transmitted plasmoid slightly falls off away from the axis,

and th_ plasmoid does not display a noticeable Iadial drift.

FIGURE 8. Mass spectrograms of plasmofi s penetrating

the curved section of tile helical field f)r differently

directed driving magnetic fields and dkferent source

polarities:
+
a'z the field aids the pIasmoid; v+ the _entral source

electrode is maintained at a positive potc ntial.
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In thecourseof ourexperimentswenoticedthatfor a certaindirection
+ +

of themagneticfield H_ and a certain polarity of the source condensers V,

the plasmoid penetrated much better than in all other cases (Figure 8,d).

All the curves are given for the optimal case (Figure 8, a--d). This

behavior is apparently attributable to currents in the injected plasma,

which interact with the driving magnetic field at the inlet and with the

gradient along the curved section.

Discussion of results

The angle of rotation over a length z for the straight section of a helical

magnetic field is given by ] 11]

[6n r i

where a is the radius of the helical winding; r the radius for which the angle

oeH
of rotation is measured; 1 =K_; H the driving magnetic field; ! the current in

2ha
the helical winding; e = _-- the tangent of the pitch angle; L the pitch of the helix;

z the distance along the chamber between turns with equally directed current.

In our case ( H,= 48kA/m, I= 2000A), we have a rotation angle i=4.8rad

for a radius r= 2 cm. The angles of rotation in our experiments were

thus large enough to prevent the drift of the particles to the chamber walls

despite the combined action of the electric polarization field and the

driving magnetic field, provided the plasmoid occupied the entire length

of the chamber.

Without the helical field, the plasmoid penetrated through the curved

section retaining a fairly high density (up to 1012cm-3), which either means

that the polarization fields are very weak or that their effect is offset by

other factors. The impurity content of the plasma at the outlet does not

increase when the helical field is impressed. This seems to suggest that

the heli-al field has but a negligible influence on the fast impurity

components: they escape to the walls, as in a toroidal field. The cutoff of

3-cm signals also shows that the helical field restrains the radial drift of

the slow component only. The substantial drop in the translational velocity

of the plasmoid (Figure 2) when the helical field is turned on cannot be

explained at present.

The transmission of hydrogen plasma and of some impurities is improved

apparently because our magnetic-field geometry retains the plasma better

than the toroidal field. The magnetic surfaces along the curved section,

together with the longitudinal magnetic field in the straight legs, form a

plasma guide of sorts, through which plasmoids pass hardly touching the

walls. This model is useful for understanding why the transmission of

hydrogen plasma and of the impurities depends on the driving-to-helical

field ratio. Figure 4 shows that the transmission is considerably improved

for H_= 48kA]m, l= 2000A, i.e., when the separatrix(rma×= 2.3cm) is

inscribed in a chamber with a 4cm radius. In higher magnetic fields, the

separatrix touches the chamber walls, which leads to considerable losses
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of plasma from the region enclosed by the separatrix. For magnetic fields

H, < 48 kA/m, the separatrix shrinks; the plasm: lying outside the separatrix

easily escapes to the walls. Since the magnetic field of the inlet cylindrizer

acts as a diaphragm, the total amount of the driven plasma decreases in

this case. The radial expansion of the plasma Jrom the region enclosed by

the separatrix in the cross sections where the r-f probes and the mass

spectrometer were fitted lowered its density at the axis. Thus a large

separatrix, which nevertheless does not touch the walls, ensures optimal

transmission of the plasma through the curved section.

We have thus established that:

a) helical magnetic fields have no detrimental effect on the separation

of heavy impurities from the plasmoids;

b) these fields considerably improve the trar smission of the plasmoids

(by as much as a factor of 6).

The magnetic-field geometry used gives pur,_' hydrogen plasma of high

density and may be described as highly retentive.
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A. M. Kovalev and N. A. Khizhnyak

THE REFLECTION OF A PLASMA STREAM

BY A MAGNETIC FIELD

The various papers dealing with the reflection of a plasma from a

magnetic wall /I, 2, 3[ generally assume that in the region where the

particle trajectories are reversed, the plasma remains quasineutral, and

that the reflection plane is the same for both the electrons and the ions.

These two assumptions are contradictory. Indeed, the plane of reflection

for the electrons and the ions is the same only if a fairly strong electric

polarization field is impressed, so that the plasma in the boundary layer

can hardly be regarded as quasineutral.

Furthermore, in writing dH 4a.dx c Iv for the relation between the total

magnetic f;eld and the current density in the plasma, the authors of /l, 2, 3/

neglect the gradient of the magnetic field in the barrier, so that the solution

of the equations of motion for the electrons and the ions does not contain

the coordinate of the magnetic barrier surface (or boundary).

In the present work, a more careful approach is made to the reflection

of plasma by a magnetic wall and a somewhat different technique is applied.

Fundamental equations

Consider a quasineutral plasma of density Hoand velocity no injected into

a uniform magnetic field u.. Interparticle collisions are neglected. The

coordinate system is chosen so that the z axis points along the magnetic

field H., while the plane x= 0 coincides with the plane of injection.

The reflection of the plasma by the magnetic field invariably produces

an electric polarization field, pointing along the x axis (a one-dimensional

problem is considered), and an additional magnetic field H'set up by the

motion of charged particles in the boundary layer. It is assumed that the

plasma is injected so that the induced magnetic field H'is negligible in

comparison with the uniform field Ho. The steady-state equations of motion

of the ions and the electrons in the magnetic field are then written as

m, _K =eE +_- o, (1)

dtx e e_ t

m, _-_ = --eE -- -?- Ho, (2)

dvl eHo

= -- -_--/u. (3)

dv_.__= eU___!u., (4)
dt m, c

nlu, = n_. (5)
n,u, = _, (6)

dE
= --8_e(n.--n,). (7)

dH" 8ae

= -- -_- (ntv,-- n,v,). (8)
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Here uand v are the velocities of the plasma p_rticles along the axes

x and y, respectively; m and n their mass and density; the subscript i

qualifies ions, e electrons; c the velocity of light in vacuum; E the

polarization field.

In (7) and (8) we made use of the fact that n_ and n, are the number

densities of the corresponding particles moving in one direction.

_:quations (1)--(8) must be integrated with the following initial conditions

dxt dx e

xi=x,=0. -_-=-_- =u0

and boundary conditions

E(oo) = E(-- _) = O,

IH' (°°)I = tH'(--°°)1- H'max

Solution of equations (i) --(8)

Integrating equations (3) and (4) with respect to time, and equations (7)

and (8) with respect to x, we obtain, applying the l:oundary conditions

Ot _ -- eHo XI,

talc

ett_ x
_t _ me C et

E = -- 8nenou0 It/ma x -- t, ma x- it (x} q- t, (x)]. (9)

/']max m _¢ max ]

Here t (x) is the time for an ion (electron) to move to a distance x away from

the plane of injection; ttmax and t, maxare given by

t_ max = t, (X_rnax),

l, max = te (X, max).

Substituting the expressions for or. v, and E in equations (1) and (2) and

changing over to dimensionless variables, we obta n a set of two equations

dsy l

d_'--_ "_- Yt = -- a IT t max-- x, ill ax-- Ir q- T e ( ?l)], ( 1 1)

dlYt ..1_ _ amt

a'-T ' m,' y' = _ IT'max-- T'max-- _r, (y3 + xl. (12)

The initial conditions are

Yl "= Y, = O. dy_ dy,-_- = _- = 1,
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and Tima x and Temax are defined as

Tima× = ", lY..a x), (13)

T, ma× = ", (Y,..... ). (14)

Here y and t are the dimensionless variables, and aa parameter:

U-_, Rl= _m /'

"¢ _ eHo l,

mig

8$1nomlCt

._

Equations (11) and (12) apply if H_a×ff< H0 or, as it follows from

expression (I) for Hma×, if

C2

_ <<_j, (15)

where [ (a) is a function of the parameter a:

[i.... .....]_ m

t(a)_ _- y¢lt) dT + y,t't dl .

As we shall show in the following, for very large values of the parameter

a(u >4.102), equations (11) and (12) can be solved numerically.

For the values of a compatible with the condition

T,m_× <<_,ma×, (I6)

equations (i1) and (12) are considerably simplified, and the motions of ions

and electrons are independent of one another:

a_Yi (17)
dT'-_" q- Yl = at -- atlmax,

n.--v+ ,_ u, = .,--7tt, ,.._- _,ly.)t (18)

Solving (17), we find the following expression for y_:

Yl = (! -- a) sin • -- a% ma ×(1 -- cos _ + at. ( 19 )

Hence, applying (13), we obtain a relation amongv_maxand a:

co_T Imax+ T lmaxsin T_max_ I

From (19) it follows that at distances much less than y_maxfrom the plane

of injection,

y_(tl=v or T_(y)=y.
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Therefore,if

Y, ma× << Y_ma×

equation (18) takes the form

-- ( Odne ) am tdey, tn_ I -]- Ye _ "t't ma_,_,---_+ ,_; _ =

and the expression for y, is

m, I l- . mL ,/ am,
-- =_--/sin _- V 1 q--- r+

g,=m 1/l+am / , m,
I/ rnt /

- m,'1
Hence, applying(14), we can find r, ma×ifTlma×iS known:

(21)

(22)

_<max= %-]V--I + n- aretg a-_TL--S_..I /Iimaxt + -m_-]"i /

For a>> 1, from (19)--(20) and (22)--(23)

_lmax _'_ ]/t _-,

I 9
yt max _--_--_"V_ _ ,

__ , =

t?l l

m e 2ct _a2ye ma× _ mt -L attic"
] , --

rn I

From (16) and (21) we see that our solution of equations (11)--(12)

applies when

m 1

a<< g_ _ a. lOS,

(23)

and condition (21) is the first to be violated.

For large values of the parameter a, when th ._penetration depth of the

electrons in the magnetic field becomes compar:.ble with the penetration

depth of the ions, we have from (19), seeing thai X, maxis small,

For the same a, as long as Yemax_ Ytmax, the equation describing the motion

296



of electrons in the magnetic field has the form

d2ue , m_ _ y_

d_--z" --' m-'_y' = at, ma× V 1 y, max (24)

Numerical solution of equation (24) for some values of the parameter

shows thatY_maxlS equal to Ylma×for a_ 4.102 , and that condition (16) is

satisfied up to a .-_ 4.102.

f_)

_Oa /

/
1o2 /

/

/
To /

/
I 10a /0 4 tO_

F_GURE I. Graphicaltep_esentation ol

f (=).

3

no
I

l j......,"

_u 6

0 0,0/Xem'--_Ri0.02 0,03 0.0_,,0.05_.

FIGURE 2. Ion and electron densities and the

potential in the boundary layer for (z= 10 a.

I

w,

0 "i,._.___ /tO"2 240; !_
Ri

FIGURE 3. Ion and electron densities and the potential

in the boundary layer for a= 104.

Figures 1--3 show the results of the solution of equations (11)--(12) for

some values of the parameter a.

It follows from Figure 1 that the induced magnetic field is indeed of no

particular significance, provided the injection velocity of the plasma does

not exceed a certain limiting value, dependent on a.

For example, for a= 10 2 , f (a)_ 1, and from (15) we see that the induced

magnetic field is negligible if

t,_0 _ C.

f(a) increases with the parameter a, and the limiting ve]ocitybelow which

the induced magnetic field can be neglected decreases correspondingly.
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For example, for a= 104, [(a)_ 120 and the translational velocity should

therefore be much less than 3.109 cm]sec.

Figure 2 gives the ion and electron densities, and also the polarization

potential of the plasma as a function of depth in the magnetic field, for

a ----2 ,i0 2.

Figure 3 gives the same curves for a= 10 4 .

The graphs in Figures 2 and 3, as well as the solutions of equations

(11) and (12) for a<< 3.10 2 , show that the plasma is by no means quasi-

neutral in the boundary layer, where the partic e trajectories are reversed.

The penetration depth of the plasma in a magnetic field for a<<4.10 2

is determined by the penetration depth of the io_s

i ,FT
Xmax =xlmax = _/ _--Rf,

while for a > 4. 10 2 it is determined by the penetration depth of the electrons.

which remains fairly constant: as a increases from 4 .10 2 to 10 4 , the

electron penetration depth drops roughly from ::.3.10 -2 to 2 .1O -2.
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L. 1. Krupnik, N.G. Shulika, and P.A. Demchenho

REFLECTION OF PLASMOIDS FROM A

METALLIC SURFACE

Having gained some experience in plasma p-obing with beams of fast

charged and neutral particles, which is a fairl:1 sensitive technique for

recording plasma density variations, we mad_ an attempt to investigate

the reflection of plasmoids from a metallic suJfaee. These experiments

are still in their very first stages, and are ve:3" far from perfection.

Further work is under way.

Experiments

The reflection of plasmoids was studied usi lg a setup described in a

previous paper /1/. The probing beam of fast neutral and charged

particles intercepts a plasmoid, which is then directed to a metallic

surface. The geometry of the experiments is schematized in Figure 1.

A plasmoid moving through chamber 1 passes through diaphragm 2, where
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it is intercepted by a beam of fast charged or neutral particles 3. After

the encounter with the beam, the plasma stream is directed to a metallic

screen, whose distance from the plasma--beam encounter can be varied

continuously.

I 3

FIGURE1. Schematic of the setup.

The reflected plasmoid was probed with a charged beam without external

magnetic fields and with a neutral beam in the presence of a magnetic field;

the magnetic field was set up by coils 5.

Results

In preliminary tests, a reflected signal was picked up by the particle

detector, although no probing beam was aimed at the plasmoid. This signal

decreased fairly rapidly as the reflector was moved away from the detector

inlet. Figure 2 illustrates this spurious signal by three oscillograms taken

at three different positions of the reflector 4- a -- at a distance of 0.5 cm

from the plasma--beam encounter; b -- at a distance of 1 cm; c -- at a
distance of 1.5 cm.

This is hardly a reflected plasma signal, since it could be eliminated

neither by a transverse magnetic field impressed in the region of the outlet

channel nor by a system of three grids with various combl,ations of

potentials interposed in front of the detector. We apparently have here a
stream of neutral particles reflected from the screen. There is also a

considerable likelihood of its being a photon signal. Since our aim was

diagnostics of a reflected plasmoid with a beam, we did not try to elucidate

the exact nature of the spurious signal picked up by the detector in the

absence of a probing beam, and concentrated our efforts on suppressing

this interference. By modifying the geometry of the outlet channel and of

the particle detector, we reduced this signal until it became negligible in

comparison with the amplitude of the signal produced by the probing beam.

Before proceeding with the analysis of the experimental results, we

shall describe briefly the attenuation signal of a neutral beam intercepting

a plasmoid, in a case when no reflection need be considered. It is hoped

that this digression will help the reader to follow our arguments. Figure 3

is an oscillogram displaying the attenuation of the beam in the initial

plasmoid. A plasmoid of course consists of a fully ionized head and a

trailing component with a certain content of neutrals. The second component

grades into a so-called "tail" with a high content of neutrals. These

conclusions were confirmed by plasmoid probing with a proton beam
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FIGURE 2. Signals picked ip bv the detector in tee absence of a probing

beam. for various positions of the reflector .

FIGURE ,3. The attenuation o! a probing beam of H°I atons intercepting a plasmoid.

FIGURE 4. The attenuation of a proton beam in ercepting a plasmoid.
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(t'igur_' 4). The protons are attenuated by neutrals only. No neutrals are

dctect_'d in the head; they appear in the rear portion (trailing the head by

20--25/asec), reaching a high in the tail (after 100$xsec). The reflection of

_ pl_._rnoid from a mctullic screen can be traced on the oscillograms shown

iu FiL{ur'e 5. This figure gives the attenuation signals of a proton beam

interer'ptiu_ a reflected plnsmoid for four different positions of the screen 4:

:: l = 0.5c_r,, r_(':trest tc_thf, b(,um; b .... ! = ] era; c -- l= 2 ca; d -- 1= 3 ca.

In case d, tint initiz_l plasmoid fc_rm was recovered (see Figure 4). It is

obvious that the pass_,gc of the highly ionized plasmoid gives a strong

rcflec'l ic_ s _anz[1. Since tilis s_Knal was obtained in probin¢_ wittn a proton

beam, w(' ur'( _ led t:_ th(' conclusion that line ionized plasmoid is neutralized

FIGURE 5. Detector signal_ for various screen positions.

on reflection. As the screen is moved away from the beam, the leadin_

signal is suppressed and the initial form is restored. Figure 6 plots the

amplitude of the leading signal as a function of the distance l between the

screen and the probing beam. We see from the figure that the distortion

produced by the plasmoid head rapidly decreases with the distance,

vanishing for all practical purposes at l= 3--4era.

The probing of reflected plasmoids with a proton beam thus shows that

even the head of the reflected plasmoid abounds in neutrals.

The next series of experiments was staged to investigate the attenuation

of a neutral beam intercepting a reflected plasmoid. All these experiments
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were made in the presence of a magnetic field, qhe oscillograms are

somewhat less illustrative in this case, since the received signal represents

the total attenuation of the neutral beam by the in(ident and the reflected

plasmoid.

Before its encounter with the probing beam, the plasmoid was passed

through the diaphragm 2 of 20ram diameter; this vas done to reduce the

attenuation to a manageable level (_ 20--30%) and to keep it far from

0 I0 20 _0 llOC mm

FIGURE 6. Proton beam attenuation is.

beam - screen distance.

FIGURE 7. The attenuation of a probing beam of H ° atom;intercepting a plasmoid.

complete charge exchange, in order that the attelmation contributed by the

particles neutralized upon reflection should be feLt. Figure 7 shows the

attenuation signals of a neutral beam for various reflector positions. If

the screen is located near the beam, l= Icm (F gure 7, a), the incident

plasmoid is distorted (expanded) in all the three .:ross sections, whereas

with the screen far off (l= 10cm, Figure 7, b), "he transit time of the

reflected plasmoid is such that the head of the in.'Adent plasmoid is
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registered by the beam without any distortion due to the reflected signal;

for l= 20cm (Figure 7, c), the reflection is distorted only by the tail,

whose very existence is to a certain extent attributable to the reflection of

the plasmoid from chamber ends. All these conclusions are consistent with the

plots in Figure 8, which shows the number of particles in the first, second,

and third plasmoid sections as a function of the beam--screen distance,

7/_sec, 35/_sec, and 100/.Lsec after signal start. The velocity of the reflected

plasmoid can be estimated from the time shift of the reflection iz_terference

for various screen positions; estimates give 1--3.106cm/sec, which is not

far from the velocity of the incident plasmoid (78-106cm/sec). No

unambiguous conclusions can be made from the foregoing results concerning

the nature of the reflected plasmoid. It is clear that th( reflected plasma,

besides the charged component, also carries a high content of neutrals.

The charged-to-neutral particles ratio of the reflected plasmoid has not

been determined.

20

12 _Ik

0 50 tOO 200 2,_t, mm

FIGURE 8. The attenuation of a

probing beam of H_ as a function

of beam-screen distance:

... in the first plasmoid maximum

(7,,sec after signal start); x×× in

the second plasmoid lnaximuill

(35I_sec after signal start); c_,,

lOOllsee after signal start.

I

L

FIGURE 9. Illustrating the experiments with

plasma penetration and reflection for plane

and conical diaphragms of equal diameters.

In conclusion, we made some tests comparing the penetration and the

reflection of plasmoids for a plane and a conical diaphragrams of equal

diameters. According to the schematic diagram of Figure 8, a plane

diaphragm 10 mm in diameter and a diaphragm of conical profile with an

opening angle of 60 ° and a diameter of 10ram were alternately interposed

to intercept the plasmoid in three positions: before the beam (I),

immediately after the beam (II), and at the outermost point of the plasmoid

path (III). The experimental results are listed in the table, where Nr,.'V2. N:,

is the number of particles after 7--10, 35--40, and 70--100_sec,

respectively. We see from the table that in the presence of a driving

magnetic field the penetration of the plasmoid through the eone is somewhat

worse than through a plane diaphragm, and that virtually no reflection

occurs when a plasmoid hits the cone.
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Ourpreliminaryexperimentswith therefle(tionof plasmoidsfrom a
mctuilic surfacerevealstronSreflectionat a distanceof _ 10--12cm

Position of diaphragms

I plane

conical

II plane
conical

III plane

conical

___I

Number el partic cs inplasmoid

v. 1 (_is)

v, N

1.3 5;. a

0.9 2.,

3.<_ I0.

1.5 7._':

1.2 7.:i

1.6 7.:

1.5

20,0

5.4

4.0

5.5

from the screen. The ref]ected plasn:oid cart es a ]arge number of n('utrals

and has a fairly hi ah vch)city (_ 10';cm/sec).
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SELF-INDUCTANCF O1. AN EI,LIPSOIDAL PL\SMOID

The investi[ation of plasmoids impinfrin_ cn a maKnetic fic]d is

substantially simplified if the plasmoid self-incuctance is known. The

currents induced in the plasmoid, and consequently the internal ma_gnetic

fh'ld, ar_ thin easily expressed in terms of the external mafgnctic fiuld

anct ttn_ _ plasmoid _eometl_y'.

In /1/, the self-inductance of a spherical ph sma entity was calculated.

i fj_.'

It was also shown that for high densities n> q'. , where r_, is the radius of

the plasmoid, knowledge of the actual distributJ:m of the rotational velocities

in the plasmoid is irrelevant, ltowever, when _ plasmoid interacts with an

external magnetic field, its geometry chalLge_, and the model of an

ellipsoidal plasmoid offers a more reasonable _ pproximation.

In the present paper, we ca]cu]ate the self-iiductance of oblate and

prelate ellips:_ids of rewHution (plasmoids in th' shape of spheroids).

The ge,.eral expression for the self-inducta_::_e of the electronic

component of a plasmoid is /1/

4x2mc2,.Y r_ 8a2r_).,

+
where r0 is the plasmoid radius; % (rl characterizes the distribution of

(1)
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electronanFularve]o_ities in theplasmoid,

v

"lI _ S ll (r) _'e (r) .f n (r') _'e (r') c°s (_- qJ''_r _ i

V V

dV'dV.

We shall assume a constant plasmoid density,

n (r) = no,

and a constant electron angular velocity in the entire plasmoid, i.e.,

h

% (r) = --,
r0

where h is the distance of an electron from the votaticm axis of the

spheroidal plasmoid.

Then

,V, = n_ t' IF'dV, (2)
r-' .
" V

; ! _'h'cos_(f= _'1
v

From (1)--(3) w(_ see that the calculation of self-inductance Ln reduces to

the evaluation of the integrals

V V V V

It would be convenient t_ operate in spheroidal coordinates /2/. For a

prolate spheroid, these c_ordinates are defined by

x = csh rlsin Ocos%

y = csh qsin Osin %

z = cch Boos O,

o<,_2:_, O<O_a, O_<_<no,

where

c=V'_-r_, n,=ArthZ_, a'>ro.

where a and ro are the plasmoid half-len_th and radius, respectively

Calculations give

I1 = -$- ar_,

8rt 4

I._ = T5 aro'

(4)

(5)
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andthedeterminationof self-inductanceLureduccs to the evaluation of

the integrat

q_ .'t 2a

1,,_,,,
o o o

Let us expand the reciprocal distance in a series ff spheroidal functions /2/

tr--r', = (2n+ llP.(cosO)P,_(cosO'lQ,_lchqlP,,(chll')+
rl=O

+2 I2n + 1) (--., i(;V_! ×
n=l m_l

x P._ (cos O! P_' (cos 0'1 P% (ch n') Q_' Ich n) ccs m (q_ -- q¢) (7)

01' < _),

where P_ (_), Q_ (_)are the adjoint Le_endre funotio ; of 1st ar.d 21_d kiid,

respectively.

Substitutin_ (7) in (6), we first integrate with respect to the angular

variables _'. 0', %0. Then, seeing that in (7) different spheroidal functions

enter the expansion in the internal (q' _lland the _ xternal {_l' > qi regions,

we divide the integral with respect to _1' into two _arts:

rio _1 qo

0 0

We have

t ' 2

0

where

--_)P_ ch'q')d'q' +
o

TI

.q ._

[' (n, _) -_ Ol (oh * ! sh' q'P_ (oh q') dn' + Ol Ich q) y sh* tl'Q_ (ch rl') d,f.

Substituting eh_l = t and integrating with respect t( q', we find

q 4 i,

1
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where
t_ 3

F,(t, to) =rl(to) -b _-, F,(t, t_) = _(5t'-- l)r_(t_)--6/2,

r,(to_ = _oto(t2o- 1Fln t°+ I t_to-- ! 5

3 to (to2 .._, to + I 3 (l_-- l) z -- t_ 3
r2(to) =T --l) In__--_ _ -)- +_-.

Finally, integrating with respect to t, we have

/s = 1610,5"'2"7t2_,o vol'2__ 1)3 {2to -- (to_ -- I) In _},r°+ !

or substituting to = ch_0 = _,
! a,-¢

o'.':,, -.x,. "+- (8)

Inserting (4), (5), and (8) in relations (1)--(3), we find an expression for

the self-inductance of a prolate spheroid:

L,, 512mc_ 2048 _rI_ [ -- a a+V-aa-r_}=15n ,zoe'a -_ 105 (at__ r_)% 2al/aZ--r_)--r°ln-----r---- "

l/_,=--r_ we write
Introducing the eccentricity e a

1 +el2e -- (l -- ¢2) ln l--eJ
Ltl = 51215amc'__noa + i___.! 2048 (I --e*}a e_ (9)

For an oblate spheroid, the spheroidal coordinates are defined by

x = c ch q sin 0 cos _,

y = cch ,lsin Osin t$,

z = c sh qcos O,

c=lfr_--a', n0=Arth_-, a<r)

Proceeding as before, we find for the self-inductance of an oblate spheroid

L_, 512 mc' 4096 r_ [ V ra-a' r_a_]= T_es'_oa -[ 105 (r__a,)'/, r°_arctg °Z aV ,

Vq-a,
or, in terms of the eccentricity 8 = ,o '

L_x 512 mc' 4096 ro [ 8 ]=Tff_e,_-a+Tffg-_i- arctg ___--e)_= ._l --e =
(lO)

Fore--0, relations (9) and (I0) both reduce to the wellknown expression

for the self-inductance of a spherical plasmoid.

Let us consider some limiting cases.
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Highly prolate spheroid ("needle"). Inthis case r°<< i,
Q

e_ i. From (9)

512 mc z [ 4096 ta

Lu _ 15a e_ noa + 105 a '

2 and,whence it follows that, first, the two terms are proportional to r0

second, for

0.98- IO'_

r-;

Lu is determined by the first term, and for

n° >2 0.98 I0,,
r_
o

by the second term.

Highly oblate spheroid

From (10)

("disk" in this case a__ 1, e _ 1.
r0

L[1 512 mc _ I 1024

whence it follows that for

no (( 1.25 IO*,
ar o ,

L[,is determined by the first term, proportional to r_, and for

no)> 1.25 101'
aro

t_,is determined by the second term, proportioIal to r0.
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R. V. Polovin

A CONTRIBUTION TO THE THEORY OF

COLLISIONLESS SHOCK WAVES

In this paper we investigate the structure of a collisionless shock wave

[quasi-shock] in a plasma immersed in a magnetic field. The thermal

energy behind the shock wave is concentrated in ionic sound waves generated

at the shock front by the reverse mechanism of Landau damping. Nonlinear

interaction of waves leads to random, i.e., thermal, oscillations. The

structure of the shock wave is ergodic. This means that infinitesimal

fluctuations of the magnetohydrodynamic quantities in front of the shock

wave first exponentially grow and then start pulsating at random, without

returning to the initial state. Averaging over these pulsations, we find

the effective heating. It is shown that this process enhances the rate of

thermonuclear reactions. The relaxation length is found to be equal to

the Debye radius.

,%tatement of the problem

In the kinetic approximation, the structure of a shock wave (in wave's

own frame) is described by Vlasov's kinetic equations for the electrons

and the ions

o, T  c(E+ =o (i)

a a a = O) and Maxwell's equations(the wave moves along the xaxis; at -- ag az

_--dE_ 4,_ _ (f+ -- [_) dv. (2)

H. = const,

dn 4_e iv, q + --f_)dv, (3)

dH, 4_e I_
ax -- c .j u"0_+--f-)dv' (4)

The problem is to find a solution (or at least to prove its existence) where

the hydrodynamic quantities E_, H_, H,, n_ _ .f /±dr, u_------ _ v/±dv approach

constant values in the region x_- oo in front of the shock wave.

The existence of a collisionless shock wave is determined by the behavior

of this solution in the region x_+ _ behind the wave. Four different cases

should be distinguished.

1. For x_+oo the hydrodynamic quantities approach a finite limit,

different from the corresponding value for x_- oo. This solution describes

a true shock wave. A true shock wave is impossible without oollisions.

These waves exist only in the presence of dissipative mechanisms (viseosity,

heat conduction, Joule heating), which are all based on binary collisions
/I-72/.
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2. For x--+ co the hydrodynamic quantities approach the same limit

as for x-- - co. This solution is not a shock w;=ve: this is a symmetric

(solitary) wave /73--83/*.

3. For x--+ co the hydrodynamic quantities assume arbitrarily large

values ]88]. This means that the problem has been improperly stated.

4. For x--+ co the hydrodynamic quantities are bounded without

approaching any limit. In this case, the random pulsations of the hydro-

dynamic quantities behind the shock wave can be identified with heating.

This is the ergodic shock wave [quasi-shock] /1_9/.

Propriety

Since the shock wave moves with a velocity greater than the velocity of

propagation of small perturbations, the medium in front of the shock wave

is unperturbed. The intensity of the shock wave is determined by its

velocity (or, equivalently, by the speed of the i_edium for x-- - _o in

wave's own frame).

Therefore, regardless of the state of the medium in front of the shock

wave and irrespective of the propagation velocity of the wave (as long as

it is greater than the propagation velocity of st.roll perturbations), the

set of equations (1)--(4) is uniquely solvable.

If for some state of the medium in front of the shock wave ( x-- - co) the

set of equations (i)--(4) is unsolvable or has more than one solution, the

problem has been improperly stated.

The proper statement of the problem is closely related with the

topological characteristics of the set (1)--(4), _ince these characteristics

are in fact the lines along which the different s )lutions are "matched" and

the distribution functions J, retain a constant v due.

The characteristics of the set (1)--(4) are d_scribed by the equations

of motion of the electrons and the ions:

v_=_ E+ v--×tt • (5)

We shall first show that, despite reflection 'rom potential barriers, all

the particles travel from - co to + _ (this prooJ was first suggested in /73/;

for more details, see ]90]).

Consider a moving frame of reference wher_ the shock wave is at rest

and, furthermore,

l (vvHz--v,H_}, we have from (5)Setting F _) = T

+cons,
v_= _m_LoJ o

• Nonlinear colllsionless plasma waves propagating along a magnet:c field were investigated in some papers

/78, 84--87/ for the case of Mach number less than unity. Thes,: waves are in no way related with shock

waves, since here ttle magnetohydrodynamic quantities do not ap iroacha constant limit for x--*- c¢
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Since vx is bounded as _ --¢% the following equality should be asymptotically

satisfied for large "r:

T T

0 0

Differentiating by v, we find

l
E, -, 7- (v_H, -- v_H_) = O,

Analogous equalities are obtained for the other components.

We thus see that the equality

v

E+7×H=O

is asymptotically satisfied for _r _ + _. This relation shows that no particle

may return to its point of origin (x = - oo) when reflected from potential

barriers. Nor may it be trapped in potential wells. All particles thus

move from x= - oo to x= +oo.

Since particle trajectories are the characteristics, the problem

concerning the structure of a co]lisionless shock wave is mathematically

proper and, moreover, the energy is conserved.

Ergodicity

To prove ergodieity, it suffices to show that the solution is not symmetric

about x= 0, where E,= 0.

Substituting E,= 0 in (1), we see that _o_vanishes at the point x= 0 only if

_T

v×H 0V=0

for x = 0 and an arbitrary v.

The multipliers 0f_ Ol_ 01_
0G ' o% ' ovz are not zero, since otherwise the function

f= is not normalized. The factor v_H_--vvH_does not vanish because, among

v _f;
other reasons, H,=const _0. The vectors E+_-xHand -o_ cannot be

orthogonal, since this orthogonality is inconsistent with the symmetry of

the problem. Orthogonality may obtain only sporadically, for some
discrete values of the Mach number.

This means that the solution is asymmetric.

Infinitesimal fluctuations of the magnetohydrodynamic quantities in front

of the shock wave first grow exponentially and then start pulsating at

random, never returning to the initial state. Averaging over these

pulsations, we find the effective heating.
Note that the temperature of ions and electrons behind the shock wave is the

same as in front of the shoekwave. However, the meanvelocities at different

points are different. This velocity spread maybe interpreted as heating.
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The width of the shock wave

l[avmg proved the ergodicity of the shock w_ve, i.e., that the shock wave

irreversibly transforms the uniform state u0 ir front of the wave into a

pulsatina state in its wake, we can estimate the relaxation length from the

linear theory.

_I'_) this end, we should consider steady-stae linear waves in plasma,

moving with the velocity of the shock wave, u0. In these waves, the

disturbances are time-independent, all quanti_ies varying as et_ with the

coordinate x. The width L of the shock wave :s expressed in terms of the

ima.ainary part of k/89/

(6)L = lrn_'

For the well-known kinetic dispersion relations to apply, the problem

ct, n be slightly modified: we consider perturbations of the form e_k_-_'_t,

where_ _ ku0, in a stationary plasma. The width of the shock wave is

nevertheless determined from (6).

If the Alfw_n speed and the velocity of the .;hock wave u0 are non-

relativistic, the dispersion equation for longitudinal ion waves has tire

form ]91/

\ vl+/ . _ '
(7)

W -T--where D= i_/7 .-is the Debye length; vr_ is the thermal velocity of an ion;

4 ¢_1 a function equal in its order of magnitud;' to unity for any _; factors

1 are omitted. It is assumed that the elec:ron temperature is equal to

the temperature of ions. In the linear' theoK_ of plasma waves the case

T+=T_ is rarely considered, since the wave is then highly damped. This

case, however, is of the greatest interest tc us, since wave damping leads

t_, dissipation.

From (6), (7), we have

L = D °_- " (8)
"° °"P

H _

If the magnetic pressure g_ is of the sam? order of magnitude as the

hydrostatic pressure p, the velocities ofth( fast and the slow magneto-

acoustic waves are of the order of Vr÷, and the width of a shock wave of

moderate intensity is therefore equal to the Debye length. At variance

with the ordinary hydrodynamic situation, tae width of the shock wave

"" and for large Maeh numbers itincreases with the Mach number" M _=-- ,
°r+

becomes exponentially large. This is so b_ cause dissipation is governed

by the reverse mechanism of nonlinear Lardau damping.
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The efficiency of heating for thermonuclear reactions

Since behind the shock wave tile thermal energy is concentrated in waves,

whereas the ions, strict]y speaking, remain cold, it is not immediately

obvious that this heating shou]d enhance the rate of thermonuclear reactions.

In the wave's own frame, the ions revolve around the magnetic field

vecior tracing Larmor circles of the radius

r+ = _%- (or,_ eH

If the motion of the ions is ordered, i.e., they all rnove in phase, the

number of collisions will not increase.

Collisions multiply if the wave correlation radius is less than the Larmor

radius of the ions. It has been shown that the correlation radius is equal to

the Debye length. The collision-dominated heating is therefore effective if

D :L r+, i.e., the Alfv6n speed must be nonrelativistic.
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Section Seven

INJEC TION OF PLASMA AND BEAMS OF PAR 7ICLES

V.G. Zykov, N.G. Sinitsa, I.A. Stepanenko, V.T. Tolok,

and K. D. Slnel'nikov

THE INTERACTION OF PLASMA STREAMS IN A

TRANSVERSE MAGNETIC FIELD

The interaction of colliding plasma streams is of applied interest with

a view to thermalization of plasma. The streaming veJocities provided

by modern plasma guns (up to l0 trn/sec) are quite sufficient for _enerating

high-temperature plasmas when the fired plasm(,ids are slowed down to

a complete stop.

The present work is a contribution to the study of the collision of fast

plasma streams with thermalization of the kinet:c ener'Ky of th_ir streamin_

motion. The Coulomb interactions between coll ding particles are

apparently inadequate in this case, since plasmas with densities of l0 tscm -3

and stopping lengths of no more than 1 m aye required to ensure sufficiently

high temperatures (108_K) by random motion only. The available plasma

guns are incapable of producing these plasmas.

It is therefore interesting and advisable to consider the s<_-called

polarization interaction of the plasma streams r_oving acro.ss a magnetic

field.

The motion of plasmas in transverse magnetic fJeld._ was successfully

studied in [1--4/. However, these experimcnt_ did not ensure proper

collision of the plasmoids, and this had a detrin cntal influence on the

efficiency of stopping.

Apparatus

The measurements were made on the setup s _own in Figure 1. A

chamber 5 with a diameter of 20 cm was immer_'.ed in a longltudinnl

magnetic field, provided by the coils 4 supplied by a d.c. generator.

The field could be varied from 0 to 0.5T. Nigh" conical plasma guns I

with plexig]as cone insulators ]5] were arrange3 cireumferentially midway

along the o-un. The plasma was created by discmrging a 3j_F condenser

through the central electrode in the apex of the ,_un and a ring el_,ctrode

at its base. Discharge period 6ttsee. The plasma created by the _.mn 1

consisted of a fast and a slow components, with velocities of 8 -104 and

3.104m/see, respectively, for 4kV source volttge; the plasma contained

ions of hydrogen, carbon, oxygen, and nitrogen

Depending on the experimental requirements the guns were fitted

touching the chamber in the magnetic field region or were situated outside
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the chamber, at the far end of plasma guides 2 (copper tubes of 5cm

diameter). The plasma guides were protected with iron screens 3, to

prevent marginal infiltration of the magnetic field. The vacuum in the

chamber was 1.33.10"3N/m 2.

7 ! 23456

FIGURE1. A schematic of the experimental apparatus.

The plasma was diagnosed with ultra-high speed photography, by

photographing the integral-light visual glow, with double electrostatic

probes 6, with a plane collector probe 7, with magnetic probes, and also

with special targets whose surface darkened under the impact of plasma.

Motion of plasma across the magnetic field

Numerous experiments show that the plasma mostly traces a curved

trajectory in a transverse magnetic field.

When the direction of the magnetic field is changed, the curvature of

the plasma trajectory is also reversed. The plasma stream apparently

carries a certain net charge, whose quantity and sign depend on the gun

voltage.

Target measurements enabled us to study the motion of a plasma jet

along the chamber. Figure 2 shows some photographs of targets set at

different distances from the injection plane, at right angles to the

magnetic lines of force. The targets were positioned at the folIowing

distances from the injection plane" a) z= 4cm; b) z= 7.5cm; e) z= 15cm;

d) z = 23 crn. The plasma was injected from a single gun in the direction

marked with an arrow on each target. The magnetic field in these

experiments was 0.25 T. We see from the photographs that the plasma,

though injected across the magnetic field, also has a velocity component

along the lines of force; the deflection of the plasma jet is also observed

on these photographs.
The plasma propagates along the magnetic field symmetrically about

the plane of injection. The plasma traces on the targets are highly

extended along the z axis, symmetrically about the plane of injection.
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Target measurements were made for a high source voltage (U s = 12 kV,

n > 1014era-a), since with tenuous plasmas ver:, high exposures were

required. For dense plasmas and magnetic inductions of up to 0.5T, a

!

FIGURE 2.

considerable proportion of the plasma hits the opposite wall of the chamber.

For lower densities (n_ 1012cm-3 and Us = 4--5kV), however, the visual

glow of the plasma column does not extend all the way to the opposite wall.

Plasma injection in opposite directions from .¢everal

guns at right angles to the magnetic field

In previous experiments/6/ we investigatei the collision of counter-

streaming plasmas injected through a slit in cusped magnetic fields. The

experimental conditions were adjusted so that the Coulomb interaction

predominated (low velocity, high density of particles in colliding streams).

The aim of this work was to investigate the possibilities of complete

stopping and thermalization of fast counterstr_aming plasmas. It is quite

obvious that the experimental conditions must be chosen so as to ensure

strong interaction of the colliding plasma str(ams, other than the Coulomb

interaction. The Coulomb mechanism is inadaquate for stopping the fast,

dense plasmoids generated by modern guns. We therefore decided to tackle

the so-called polarization interaction.

Electric polarization fields of opposite sig:_s are induced in two plasma

streams moving across a magnetic field in opposite directions. When the
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plasmacollide, thesefieldsmutuallycancel,andthetransversaldrift
shouldcease. The plasma thus stops on collision.

The experiments described in what follows were made with plasmoids

for which Coulomb interactions had been rendered impossible (densities

i<ss than 1013cm-3).

Figure 3 shows some photographs of the integral-light glow of the plasma

taken for source voltages of 4kV, i.e., plasma densities of the order of

I0 L_ em -3 (the density was estimated from the cutoff of 3-cm signals). The

photo_:raph in Figure 3,a was taken withoul a magnetic field. The plasma

streams do not inter'act in this case. As the transverse magnetic field

tact'eases, the intcruction is enhanced (see t.'i_ures 3, h,c,d, taken for

0.05, 0.35, and 0.48T, respectively). Thcplasmastreamsstoponcollision,

FIGURE 3.

FIGURE 4.

ejecting lateral streamers and eddies. No such turbulent formations are

observed with the ordinary Coulomb interaction (Figure 4). These

streamers may or may not reach the chamber walls, depending on the

source voltage, the magnetic field strength, and also the precision of hit.

For a low source voltage and a high magnetic field, the streamers do not

reach the walls (see Figures 3, canal3, d), while conversely, with weak

magnetic fields and strong source voltages, the streamers hit the chamber

wall. In the case of a glancing collision, the streamers break at the point

of contact and continue at an acute angle to their original direction.
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Figures5, aand5,b showphotographsof theintegral-lightglowof the
plasmainjectedfrom fourgunsintoa field-free space and across a

magnetic field with an induction of 0,33T (U_= 4 kV). "I'hc plasmoids

interact only in the presence of a magnetic field ',Figure 5, b). If the

plasma moves in a curved traj_ ctory and no hca_ -on collision occurs,

a plasma-free space is formed near the axis in 1he case of illjoclion from

several guns. Typical photographs illustrating ibis confiKurutioi1 _re

shown in Figures 5, c and 5, d (gun voltaf_e 5kV, magnetic field 0.33T,

injection from four and eight guns).

FIGURE 5.

FIGURE 6.

Figure 6 shows some high-speed photographs (laken at a rate of 250,000

frames a second) of the interaction of plasma ,;treams injected from eight

guns across the magnetic field. Comparing these photographs with the

photographs in the case of Coulomb interactio[ (Figure 4), we see that the

interaction here is spatial, rather than planar
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The ring current induced in the plasma when the polarization fields were

cancelled on collision was measured with a Rogowsky loop. The direction

of this current was such that it increased the longitudinal magnetic field B0

inside the forming plasma ring. This magnetic field enhancement was

picked up by a magnetic probe, set in an axial position at the center of the

ring in the plane of injection.

FIGURE7.

Figure 7 shows some oscillograms of the integrated signals of the

Rogowsky loop (top trace) and the magnetic probe (bottom trace), taken

for B0= 0.01 T and injection from eight guns.

The graphs plotting the magnetic field in_rement hBz and the azimuthal

current /_ as a function of B0inthe case of eight-gun injection and Us= 8kV

are shown in Figure 8. AB and l_linearly increase with B0, reaching a
!

maximum and then falling off as_-0. The peak of these curves shifts in the

,,8. T
0B8

0_

0.C]

0.02,

001,

0 C_02004 O_ OB8O.toO.qO.t_8., r

FIGURES,

direction of higher B0 when the source

voltage increases. Enhancement of the

axial magnetic field is observed for

injection from eight, four and two guns.

With injection from a single gun, the

external magnetic field actually decreased

in the plasma due to its diamagnetism.

The interaction of polarized plasma is

also confirmed by measurements with a

double electrostatic probe. The probe was
inserted at a distance of 15 cm from the

plane of injection and could be moved along
the diameter of the chamber. Probe

measurements showed that the glow line

corresponded to the actual boundary of the plasma: outside the luminous

region, the probe did not pick up significant signals.

The left half of Figure 9 shows photographs of plasma glow, the right

half gives the saturation current of the double probe corresponding to

these photographs. The lower trace of each oseillogram is a 200kc/s

sinusoidal timing signal. The oseillograms were taken for B,= 0.25T,

Us= 4.7kV. The probe shows in all the photographs, since the plasma
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was injected 15cm behind the probe. The glow ],hotographs and the oscillo-

grams in Figure 9, a,b,c were obtained with the probe situated on the axis

of the chamber, while Figure 9, d corresponds t_ a probe set at a distance

of 2 em from the wail opposite the plasma source .

Injection from a single gun (Fi_ure 9a,b) pro lutes a much shorter probe

signal than injection from two _uns (b_i_re 9, c). with the probe situated

neat" the axis. The amplitude of the signal for t,¢o-gun injection, however,

is not larger than the amplitude for injection from a single gun. This

apparently means that the plasma density in the interaction region does not

increase with the volume of injected plasma.

FIGURE 9.

Long signals are also recorded in the (,ase o one-gun injection if the

probe is inserted near the opposite wall (Figure 9, d). If the plasma is

injected from two guns or from a single gun in t_e same wall where the

probe is placed, the signal is short, like that in Figure 9, a,b. In other

words, the probe picks up a long signal if it is immersed in an expanding

cloud of plasma, and not in a narrow plasma jet.

We have seen from target measurements tha the injected plasma moves

longitudinally, as well as transversally, to the _agnetic field. Proceeding

from the experiments of SinePnikov and PadalM, ]7i, we suggest that the

fast, light-weight component of the plasma mov,_s along the magnetic field,
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while the slower heavy component crosses the magnetic field, hits the

opposite wall, and spreads near it. This explains why in single-gun

injection a probe placed far from the plane of injection picks up a brief

signal, produced by the fast component, while the wall signal is indicatory

of the slow heavy plasma spreading along the opposite wall. When plasma

is injected from two guns in opposite directions, the fast component

continues along the magnetic field, while the slow plasma stops on collision

without reaching the wall: in this case the plasma spreads near the axis.

The axial probe, immersed in the plasma cloud, will therefore give a long

signal, while the probe intercepting the thin jet produces a short blip.

FIGURE10.

A collector probe was also used, aside from the double probe. This is

a disk 10 cm in diameter with a grid in front. A voltage of some 30 kV was

applied between the grid and the disk, this being enough to saturate the

probe current. The plane of the probe was set at right angles to the chamber

axis, as shown in Figure 1. The probe could be moved along the axis,

collecting the counterstreaming ions over an area S = 78 cm 2. The probe

current! was assumed proportional to envS, where ethe ion charge, n the

density, v the velocity, S the probe area.

Typical probe current oscillograms and the corresponding plasma glow

photographs (injection from one or two guns) are shown in Figure l0

(Us = 4.3 kV, Bz--- 0.28 T, probe distant 30 cm from injection plane, time

markings each 20_sec). The oscillograms show that for injection from a

single gun the signal is much shorter than for two-gun injection. The

amplitude of the signal in the case of two-gun injection is approximately

equal to the sum of the signals from each gun separately, except in the
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FIGURE 11.

FIGURE 19
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"tail", where the two-gun signal is substantially stronger than the sum of

two single-gun signals.

It is noteworthy that unlike the double prcbe, which collects ions over

its entire surface, so that its saturation current corresponds to the density

of the ions at a given point, the large disk probe gives a current which is

proportional, not only to the density, but also to the cross-sectional area

of the plasma jet hitting the probe (providing, of course, that the probe is

broader than the jetl. Now, since the amplitude of the two-gun signal is

equal to the sum of the amplitudes for injection from each gun separately,

it seems that the fast plasma components moving along the magnetic field

have almost parallel velocities and the two jets do not interact; this explains

why the probe picked up twice the number of particles ejected by a single gun.

The slow component, which in the case of single-gun injection moved

across the field without hitting the far probe, collided with its counterpart

in simultaneous injection and spread along the magnetic field near the axis,

thus producing the long "tail" of the probe signal.

The length and the height of the "tail" in glancing collision is much less

than in head-on collision, as we see from Figure 11, c. The difference

between one- and two-gun injection is even less pronounced if the plasma

is fired from two sources making a small angle with each other. Typical

oscillograms and integral-light photographs for this case are given in

Figure 12. Adding the signals in Figures 12, a and 12, b, we obtain a

curve which almost coincides with the oscillogram in Figure 12, c over

its entire length.

Our experiments thus show that plasma streams in head-on collision in

a transverse magnetic field experience intense stopping forces until all

motion in the initial direction ceases. Unlike the Coulomb interaction,

this interaction occurs, not inside the plasma jets, but at their leading

fronts; it is distinctly turbulent, producing complex eddies and streamers.

In principle, this interaction should occur irrespective of the plasma

parameters and the magnetic field strengths. For effective stopping,

however, head-on collision of the plasmoids must be ensured. Similar

experiments will be made in future employing pure hydrogen or deuterium

plasmas.
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Ya.F.Volkov,V.A.Kornilov, andV.G.Dyatlov

INJECTIONOFPLASMAIN A QUADRUPOLE
MAGNETICFIELD

Weinvestigatedthemotionof aplasmastreaminjectedbya coaxialgun
intothemagneticfield of a quadrupolelens. This is a field of eusped
geometry,andtheplasmain this field shouldbestablewith respectto
flutes. Someearlier experimentsconfirmthis fact ]1, 2/. The quadrupole

field focuses charged particles of opposite signs in mutually perpendicular

planes. However, the motion of a plasma in this ;,¢eometry is hardly

predictable. To interpret the interaction of a plasma jet with a quadrupole

magnetic field, we determined the parameters of the plasma as a function

of the operating mode of the gun.

Apparatus and procedure

The setup shown in Figure 1 is a molybdenum _lass tube 100ram in

diameter with four rods 30cm long fitted along the walls. The vacuum

prior to the injection of hydrogen was 6.6.10-4N/ta 2. The amplitude of

th,- current through the rods reached 23kA, period 2/xsec. The current

flowed in opposite directions in each pair of rods, providing a quadrupoIe

magnetic field with a strength of 120 kA/mnear the tu_e wall, in the magnetic

slit. The plasma was injected along the axis from a coaxial-type gun. Anl8_F,

-
._I !mp _Valve

FIGURE i. Schematic of the apparatus

17kV condenser bank was discharged through the _un. The discharge was

almostaperiodie. The first half-period was 12t_see deerementofdamping=

= 4. The hydrogen was admitted through a pulsed "alve described in [3/.

The operational sequence was as follows: the m{gnetic field was turned

on, the valve was then triggered, and the gun was !ired after a preset delay,

approximately synchronized with the magnetic fieht maximum.

The density of the plasma was determined with ]ouble electric probes,

whose plane was set at right angies to the plasma ._;tream. Since the

streaming velocity of the ions is much higher than their thermal velocity,
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theprobecurrentdependsonthedensityandthedrift velocityof the ions
in thestream:

] _ eritrs,

where 1 is the probe current, e the charge, n number density of streaming

particles, v drift velocity, s the collecting surface of the probe.

The charge of the plasma stream was measured with a Faraday cup

(1 = 100ram, D=40mm), which could be moved axially. The cage was

grounded through a resistor, and the voltage across this load was picked up as

a signal. Secondary electrons were suppressed by a transverse magnetic field.

The mass composition of the stream and ttle energy distribution of the

ions were determined by Thomson's method of parabolas. 13y making pt_ot(_-

metry of the plate and applying the results of /4], we could find the energy

distribution of the ions in the stream.

Aiming ions of a certain mass at a CsI crystal eoupl<,d into a photo-

multiplier, we measured the time distribution of ions of various masses in

the stream and the influence of the magnetic field on each component.

High-speed photographs taken through the end surface of the quadrupolc

displayed the spatial distribution of the plasma movmK in the quadrupole field.

Results of measurements

Figure 2 shows some high-speed photographs taken through the end of

the tube. The first three photographs correspond to a small delay between

the opening of the valve and the triggering of the current (time between

successive photographs, 0.5_see). The first photograph (Figure 2, a)

FIGURE 2. High-speed photographs:

a) .o magnetic field: b) magnetic field of (i,4 104A/m;

c) magnetic field of 1.2.105 A/m.
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(nomagneticfield} showsthattheplasmamoves_sa cylinderthroughthe
tube, theglowintensitybeingmaximalat thecemer.

Whenthequadrupolemagneticfield is turnedon, theplasmais
compressedin thefocusingplaneof a positively(bargedbeam(Figure2, b).
This pattern, however,disappearsas the field strengtil increases
(Figure2, c). The fourth photograph was taken f)r a large delay between

the gun current and the opening of the valve; here the plasma passes the

quadrupole lens escaping through the magnetic slits (Figure 2, d). This

behavior of the plasma stream in a quadrupole fi,dd can be attributed to

the jet being neutral or carrying a space charge, depending on the operating

mode of the gun.

Faraday cup measurements show that the plasma jet emerging from the

gun can be divided into three components.

The first, fast component carries a negative charge. These are the

electrons ejected by the gun on sparking. The s-tend component is

positively charged. This is the hydrogen plasma leaving the gun with a

velocity of (2--7).i0 _ cm/sec (the lower bound ol the velocity is determined

from probe m,,asurements, the upper bound is o)tained from mass-

spectroKraphie data). The third component is n so positiveJy charged.

These are the tw:_vy impurities, mainly coppc_'. Their velocity is less

than 7.10 _cm/sec.

FIGURE 3. Gun current (a), double probe signal(b), tialing signal I 200kc/s re).

This st:'uctuve of the plasma jet is very dis*inct for small delay times

between the opening of the valve and the trigge-ing of the finn. As the

delay increases, the negatively charged component diminishes and

eventually vanishes, while the velocity of the remaining components

decFoases.

Note that the plasma charge is generated in{ide the gun. This is so

because the signal remains practically constart with the Faraday cup

set at distances of 5 and 50cm from the muzzle. The voltage ncross _}_,

R = 2kohm resistor connected with the l,'arad_y cup was U= 50V for the

leading plasma component (v = 2--5.107cm/sc c); this corresponds to an

excess charge density Ana'(1--0.45)-109cm -'_.
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Figure 3 shows an oscillogram of the current produced by the double

probes, which are incapable of picking up the electron component.

The first pulse corresponds to a hydrogen plasma with a density

n _._5"I012cm -3, while the second pulse represents impurities with adensity

n _ 1014cm -3. The last figure is apparently too high by a factor of two,

since the slow str_eam contains numerous multiply charged ions.

N, rel. un. N, re1. un. N rel. un.

0.8 0.4 OA

a6 0.3 12,3

0.4 0,2 0,2

0.2 at 0,1

Ot23456?89f.keVat23Za56VE.keVO 23145g?g. keV
a b e

FIGURE 4. Energy distribution of ions for various delay times

between the firing of the gun and the opening of the _atvc:

@ 450,tlsec; 0 500,asec; x 550_sec.

_: _' _i!_i:¸=_

FIGURE 5. Gun current (a). H + peak (b). Cu + peak (c),

timing signal I = 200 kc/s (d).

Mass spectrography gives more accurate data on plasma densities.

Figure 4 plots the results recovered from mass spectrograms. The first

graph (Figure 4, a) corresponds to Cu + ions, the second (Figure 4, b) to

tt +, and the third (Figure 4, c) to O +. Different curves correspond to
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differentdelaytimesbetweenthefiling of thegun and the opening of the

valve. We see from Figure 4 that there is an optimal delay mode for which

the peak content of hydrogen in the plasma is 60_b, of copper 25--30%, and

of other impurities 10--15%. The mean energy s the same for' all the

particles, being equal to 3keV.

FIGURE 6. Gun current (a), Faraday cage si _,nal for a small

delay, no magnetic field (b), ditto, in th, presence of a

magnetic field(e), Faraday cage signal fo alarge delay,

no magnetic field(d), timing signal _= 100kc/s (e).

By aiming the ion beam through the mass spectrograph at a CsI crystal,

we can establish the time distribution of the stIeam components. Figure 5

shows some oscillograms of the photomultiplie' signals for Cu + and H +.

Comparing these oscillograms with probe measurements, we clearly see

that the first component is a hydrogen plasma with a mean energy of 3 keV,

while the second component comprises the slo_ impurities of the same

energy. These components are resolved by 10--15_sec in time.
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Further investigations of the interaction of a plasma stream with a

quadrupole magnetic field (Faraday cup set midway along the lens} showed

that the fast electron component was not transmitted, while the charge of the

two trailing streams was hardly affected (Figure 6).

The positive charge of the plasma at the quadrupole output increases by

a factor of 20--30 with the magnetic field. Density measurements with

double probes show, however, that the density is virtually constant along

the quadrupole axis, irrespective of the magnetic field strength.

In conclusion, we suggest the following interpretation of the experimental

results. When the gun is fired through a small quantity of residual gas,

the discharge may contain electrons of energy el.', where V is roughly the

w_ltage applied to the gun electrodes. These high-energy electrons

apparently provide the negatively charged stream picked up by the Faraday

cup. The next plasma should therefore carry a net positive charge. The

absence of a neutral plasma (for small delay times} is apparently responsible

for the bunching of the plasma transmitted through the quadrupole magnetic

field into a plane stream.

The signal picked up by the Faraday cup at the quadrupole output

increases apparently because the cold electrons in the plasma readily

escape to the walls following the divergent magnetic lines of force, while

the fast ions stick to the original course. The axial jet thus acquires a

net positive charge, which sets up a potential difference of the order of

V =_'-_' across the stream boundary ( Wis the energy of the ions, equal toe

3 --4 keV).

Our experiments show that the plasma created by a coaxial source in

the mode of a small delay is positively charged. As the delay increases,

the charge is compensated, the stream velocity dropping from (5--7) .107

to (7 10) .10_cm/sec. The plasma jet enters the quadrupole field almost

without any losses, it is bunched into a plane stream by the field, and

emerges with a higher space charge.
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I.M.Zolototrubov,N.M.Ryzhov.I.P. Skoblik,
andV.T.Tolok

INJECTIONOFPLASMAINTOA MAGNETIC2'RAP
WITHCUSPED FIELDS

An experiment is described with the injecti(n of plasma into a magnetic

trap with cusped fields /1, 2/. These traps are of particular significance

since the theory predicts hydromagnetic stability of the plasma in these

geometries /3/.

The experiment was carried out on the setup shown in Figure 1. A

cylindrical chamber 0.30 m in diameter and 0.7 m long, made of stainless

steel sheets 3ram thick, was immersed in the field of two coils through

which a 2400pF condenser bank was discharged (the bank was charged to

voltages of up to 4kV). When the condensers _vere discharged, the

magnetic field increased to its maximum in 4.4 msec, fa]ling off with a

decay constant of 16msec (the coils were shun ed with a shorted circuit).

The magnetic field in the mirrors was 4 .105Aim; the field in the magnetic

slitswas 3.3.105A/re. Theimtialvacuuminthechamberwas 6.66.10-4N/m 2.

_t.._ _ Magnetic coils
]]I]_ _ Vacuum chamber

,a_n_,i..... e. | )'\\ ____

__A
_"'---" _----[ JTopump

T'_ csl ry_tal

Photomult iplie r

FIGURE 1.

An ordinary coaxial gun described in /4/ w;Ls used as the plasma source.

The operating modes of the gun were studied separately as a function of the

delay between the admission of the gas and the application of voltage to the

source electrodes. The plasma in these tests was injected into a glass tube

with two external magnetic probes, one placed at the muzzle, the other at

a distance of 0.5m. Figures 2, a and 2, c are osciilograms of probe signals

characterizing two modes of source operation iFigure 2, a for a delay of

250psec, Figure 2, c for a delay of 100psec). The upper trace pertains

to the first probe, the lower trace to the seco_ d. In the mode of a small

delay, the gun ejects several plasmoids which move with different velocities.

The velocity of the head is 8.8.105m/sec, whi:h corresponds to 3.9keV

hydrogen ions. Irrespective of the operating 1node, 0.3cm 3of hydrogen

(under standard conditions) was admitted into he gun.

The plasma was injected into the trap through the magnetic mirror when

the magnetic field reached its maximum stren,*th. We studied the time-
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dependenceoftheX-ray radiationemittedoninjection. Theradiationwas
pickedupwitha CsI crystal coupled into a photomultiplier. The crystal

was placed in a length of' tube attached to the vacuum chamber in the plane

of the magnetic slit (Figure l). The crystal was protected from extraneous

light by an aluminum foil 15_ thick. Fig_ures 2, b and 2, d are oscillograms

of X-ray pulses (bottom trace) for two modes of operation: large delay

(Figure 2, b) and small de|ay (Kgure 2, d). The upper trace in both cases

FIGU[,_E2.

FIGURE 3.

gives the visual glow of the plasma near the magnetic slit. The oscilloscope

was triggered simultaneously with the firing of the gun. We see from the

oscillogram in Figure 2, b that for large delay times the injection of the

plasma is accompanied by a short N-ray blip. A similar starting blip is

also observed for small delay times (Figure 2, d), but its amplitude is much
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smallerthanin theformercase. IntenseX-ray Iadiationis furthermore
emittedin thesmall-delaymode840_secafter in:ection,fallingoff
exponentiallywithadecayconstantof some3rosez.

This time variation of the pulse apparently ind:cates that part of the

injected plasma escapes through the magnetic slit in the very first stage,

while part of the plasma is trapped for the time b,_tween the first and the

second pulses. The large decay constant of the s,_cond pulse (3msec) shows

that the trapped plasma escapes fairly slowly froIa its confinement.

The energy of the radiation picked up by the crystal was measured with

an X-ray film, coplanar with the crystal; the film was covered with a

graded absorber, a selection of aluminum foils 7_L thick. A couple of X-ray

pulses were sufficient for normal exposure of the film. The mean X-ray

energy measured by this technique was 3.8 keV.

The film is darkened in a narrow strip (Figure 3), corresponding to the

magnetic slit. This obviously proves that the X-ray radiation is in fact

the bremsstrahlung of the charged particles escaping through the magnetic

slit. It should be noted, however, that the film L' not darkened when the

gun operates in the large-delay mode.

The results of our experiments can be summarized as follows:

1) when plasma is injected into a trap with cusped fields from a coaxial

gun operating with small delay times, intense X-ray radiation is observed

840_sec after injection;

2) this radiation is the bremsstrahlung of charged particles escaping

through the magnetic slit;

3) the X-ray energy (3.8 keV) is equal to the e ]ergy of hydrogen ions

residing in the head of the injected plasmoid.
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Section Eight

MAGNETIC TRAPS

K.D. Sinel'nikov, N.A. Khizhnyak, N.S. Repalov,

P.M. Zeidlits, V.A. Yamnitskii, and Z.A. Azovskaya

MOTION OF CHARGED PARTICLES IN MAGNETIC

TRAPS OF CUSPED GEOMETRY

The motion of charged particles in magnetic traps of cusped geometry

has been investigated by various authors 11-31, but we are still far from

a comprehensive knowledge of the different features of this motion. To a

certain extent, this inconclusiveness is attributable to the complicated

analytical description of the magnetic fields inside the trap, as well as to

difficulties encountered in the integration of the equations of motion. The

magnetic field of a eusped trap in its simplest form is defined by the
relations

H,=ar; H,--- 2az (I)

This field is maintained in the central region between two ring currents.

The equations of motion of a particle are nonlinear even in this elementary

field geometry, so that the particle trajectory can be determined by

numerical methods only. Various properties of this motion, however,

can be deduced from general considerations.

In the present paper we investigate the motion of charged particles in

some axially symmetric magnetic fields of cusped geometry and discuss

the particle trajectories obtained by numerical integration of the equations
of motion.

Magnetic fields of cusped traps

The magnetic field inside the trap satisfies the equations

rot N=0; divH=O

and it can be described in terms of the scalar magnetic potential q) meeting

the Laplace equation hq) = 0. For axially symmetric cusped fields, the

solution of the Laplace equation which is symmetric about the plane z= 0
has the form

= _ A.lo(k.r) cos knz,
I

or n=O

(2)Qo

• = _ A.Jo (k_r)ch k_z,
n=a
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where the amplitucles A,,and the. sepuration-of-v:rinbles constants k, are

specified by the fields in the trap slits.

In the present paper it is assun]ed that the m_ gnctic field in th<, entire

trap is described by a single term in the sums (1:).

rl'hc_ in the first ease, th( magnetic fi(qd has the form

tt, = Holi (kr) cos kz,

H, = -- h%A (_) sin kz, (3)

and the line of force

i.e, _

in the second case

rl_ (l_r) sin kz = const;

It, = Ito& (kr) ch kz,

bl z = -- ltoJo (kr) sh kz (4)

with the line of force

{krt Jl (kr) sh kz = coast.

Figures 1 and 2 are the field patterns of matnetic traps of the first and

the second kind.

_Z

t
-'- 2

FIGUI_ 1. FIGURE 2,

The magnetic field in traps of the first kind is characteristic of the

ordinary "picket fence" geometries. Traps of the second kind are planar,

radially unbounded geometries terminating at ' magnetic walls" with negative

curvature of the magnetic field. This "magnetic wall" can be provided by

a system of concentric conductors with alternate currents flowing in

opposite directions.

The nonzero azimuthal component ,4,_, of th,. fields (3) and (4) has the

form

m, 1_ (kr) sin kz,,4_,= -- g

kL
A_ = -- T Jl (kr) sh kz.
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For kr<< 1 and kz<<l, the fields (3) and (4) reduce to (1). However, unlike

the field (1), they are characterized by two parameters H0 and k, specifying

the magnetic field in the mirrors and the geometrical size of the trap.

In the planes kz: ±7r]2, the magnetic field has one component only, H,.

If r0 is the radius of the magnetic mirror, the flux of magnetic induction

through the mirror is written

2alto

(D = _ rolx (kro).

This flux also emerges through the corresponding half of the ring slit,

having the width Az and situated at a distance R from the axis of symmetry:

¢D _ RI_ (kR) sin kAz

The radius of the magnetic mirror and the slit width are thus related by

the expression

rotl (kro_) = sin kAz. (5)
RI_ (kR) 2

This relation also follows from the equation of the line of force.

In the following we shall be concerned with magnetic traps of the first

kind, although many of the relations can be easily generalized to traps

with "magnetic walls" also.

The parameter k is related with the trap length L by the obvious

expression
71

k=_-,

and (5) can therefore be written in the form

'°" %-. (6)

The sizes of the mirror and of the ring slit are thus determined by the

transverse and the longitudinal dimensions of the trap.

In the following we shall distinguish between two particular cases: for

_R_ £- > 1 of oblate traps.L <lwe shall speak of prolate traps, and for rLR

In a prolate trap, Bessel's functions entering the foregoing formulas

can be approximated with their values for small arguments. Equation (6)

takes the simple form

2
r o _ Az

_ _ Y L-" (7)

For a highly oblate trap, we may assume an asymptotic expression for

I_(kR). Then, taking as before kr.<l, we find

/'.__0 _: ._ . AZ e-L-
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Weseethatwith ring slits of equalwidth, theprolatetrap hasa smaller
mirror radiusthantheoblatetrap.

Theabovefields aresymmetricabouttheplanez= O. Asymmetric

magnetic fields can be described by a vector pobmtial (0, A_, O) with the
component A_:

and
aH0t !kr _ . kz

H, = Hol. (kr) cos kz -- T "t (_T) st,
o.1"] n

H, =-- Holo(kr)sinkz--_--lo _ :os_. (8)

Direct calculations easily show that the foregoing; relations describe a

trap of length L displaced relative to the origin by az = _ in the direction

of smaller fields (in this case, toward z<O). Settinga<l, we find the

magnetic field on the axes of the two mirrors:

on the axis of the right-hand mirror(kz = 2 _ V2_ )

on the axis of the left-hand mirror (kz

.
Thus

tz

.- 2_,T (9)
H+ 14- a

2_, 2

The surface of the zero z-component of the magm.tic field is found directly
from the second equation in (8). For a prolate tzap, this surface is a

• ?

plane (to within terms of second order of smallness m _-} displaced relative

to the plane of geometrical symmetry of the trap by the amount

The motion of a charged particle in the magnetic Held of a trap

Let us consider the motion of a particle in the magnetic field of an

axially symmetric trap. TheI, agrangian in this case is

L= Trn(r_ 4-r_ 4- z2) 4- e--ri_._. .c.
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Since the coordinate q, is cyclic, the generalized momentum P,_ is an

integral of motion:

aL ,,

P'; = aT : mr_f' F 7- rA'r
(11)

If the particle is created or injected at tile point(r o, z0), with an initial

azimuthal velocity r0q., then according lo (11)

e _ (12)q = % _{- -- 7" irA,,- trA,Oo I Ti-"

Making use of (11), we write for the }tamiltonian of the particle

and our problem can therefore be treated as dealing with the motion of a

particle in the plane lr. el in a field with tile pontential energy /4/

/,7,_%- -"_I;A_- (,A_011_
U(r,z)=_l l _. f. (14)

Seeing that the IIamilt mian of a pnr_icle in a magnetic field is an

integral of motion, we find the permitted region of motion of the particle:

, e lr.4¢__ (rA,glol l'_] _ "q,'_" - 7
>, _ ' { CE0, (15)

where E_ is the total energy of the pnrticle {the equality sign in (15) defines

theboundaryofthenermiitedre_ion). This inequality is a priori satisfied

for U= 0, i.e., for

t?lc o

rA,; = (r.4,,), -_ 7 r_,%. (16)

Thus there is always a line of force, defined by (16), near which the

particle may leave the trap unimpeded.

The surface describing the potential energy in three dimensions is

determined by the coordinates of the particle injection point and the initial

value of %.

Itowever, from (15) it fol]ows that, without loss of generality, we may

take %,=0. It suffices to assume that the particle has been created, not

at some point It0, zol, but at any point of the force lira, (16). The term

,nri_% in (14) [s henceforth omitted.

In application to cusped magnetic fields, (14) takes the form

m letto\a[, ro 12U (r, z) = _ _'_7] [.l (kr) sin kz _ _ 11(kro)
P

where the particle is assumed to have been injected into the trap at the

point r = q, kz =-,v/2

The surface describing the effective potential energy (17) in three

dimensions is depicted in Figure 3. We see from the figure that slow

particles, whose energy is less than U h, are reflected from the opposite

mirror and after several repeated collisions with the magnetic wails,

escape through the ring slit or return to the original point of injection.

(17)
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p
FIGURE_.

TMtp',_rtic!esmayescapethrouvhtheoppositemirror onlyif their
ener,g_,is great(,rthanthethresholdvalue U h. Le us calculate this quantity.

t:or z = L
,f,

t/1 ,eHo'_2 [ r_l ] :.

U it) = _- !7_ ) l 1' qkr_+ 7/, (/_ro)[

The potentia_ energy is minimized for r =g, whic} is determined from
the_ relation

_r_/I [/_r l) = t_ro/1 (kro).

in the, cas(' of axial motion, kg<(1 at the trap outle, so that

t*l _ 70"

The particles will escape through the opposite :nirror at a point whose

distance from the axis is approximately equal to tlLe distance of the injection

point. The condition of mirror penetration can be written as

mvlZ_ 2m ett,_'i_ ]._
-_- > -_ _7 ] (kro).

If krr)<< 1 , thi._ condition can he written as

/_L _" to, (18)

_0mc

whore R L=_is the Larmor radius of the particl_ in the field H 0.

To sum up, particles penetrating through the o]_posite mirror must have

Larmor radii greater than the initial distance fror_ the trap axis. Particles

injected into the trap along the axis pass through i-respective of mass and

velocity.

If particles of equal velocity but different mass _s are injected into the

trap, all at the same distance from the axis, the heavier particles satis-

fying relation (18) will be the only ones to penetrate through the opposite

mirror.

340



If the mass of the particles is such that

]_L > rn,

where r0 is the injection radius, they pass the trap without colliding with

the magnetic walls, escaping through the opposite mirror. A beam of

these particles injected with a velocity "_'0parallel to the trap axis hos the"

following translational velocity upon emerging from the trap:

//,/" --1 re'2 +I
CP _ U0 | --

h, zl. "

This t)eam has been converted from a linear to a helical one.

velocity of the beam about the trap axis is

(19)

The rotati,_nal

The pitch of the helix

v+= _. (2ol

,/ t.2

h = 2_RLI/ I--RI ' (21)

If outside the trap the magnetic field is constant, homogeneous, and

longitudinal, the emerging beam will trace a helix of radius ro with a

pitch (21).

Let us now consider particles having a Larmor radius

Rt < re.

These particles are reflected from the mirror and oscillate inside the trap

between the magnetic walls until they escape fr'()m the trap lhr_ulgh th,' ring

slit or through the inlet mirror.

Relation (15) defining the boundaries of the oscill_tory mot/on takes th,"

following form for cusped fields:

lx(kr) sinkz+ r_Ix(kro} = _-te/_ 1. (22/
r _ •

For a prelate trap, kr<< 1 and the equation takes on the simple form

r2 sin kr _: 2RLr -f- r_ = O.

The equations of the boundary surfaces are thus

I_xpression (23) r¢_presents a system of four surfaces, two of which lie

in the half-space z<0, the other two in the half-space z>0. Seeing that

r<0 is meaningless in cylindrical coordinates, we easily obtain the" following

relations foc the boundary surfaces in the half-space z<0:

rt = sfn_- l--F,, '/
(24)

RI+ / r_ sin lee .
",=-++-m-+t+ I/
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For z_O, the first boundary surface remains a: a finite distance from the

axis,

r, (0t = 'L (25)
2RL '

while the second boundary surface escapes through the ring slit.

For z>0, the equations of the corresponding surfaces are

[ --
2

(26)
RL |- r° sil_ .

r2 = _ 1 4- 1// 2
R c

The foregoing relations define the point of reflection of the particle from

the opposite lateral mirror for r0 > R L. At this point characteristically

r I -- ri, i. e. ,

sin kz = _]'. (27)

4

it follows from (27) that as R Ldecreases, the two boundary surfaces merge

into the "natural" line of force, i.e., the line cf force where the particle

was created. The turning point, however, nev._r recedes to the half-space

_<0. The permitted region of motion reduces vith the decrease of RLtO

a narrow strip enclosing the "natural" line of f,)rce, the particle moving

almost adiabatically in this strip.

Classification of particles in terms of initial parameters

Let us consider the influence of the injectiolL radius ro and of the initial

angular velocity %on the motion of a particle ,_ith constant R L.

Particles injected into the trap fairly far fr(,m the axis cannot cross the

plane z= 0, since their entire energy is conver:ed into the energy of trans-

lational motion. Then for r R, the lower bouadary of the permitted region

intercepts the ring slit at z_ 0. According to (_5), this occurs when

ro > I/ 2RLR.

All particles having equal Larmor radii RL( n injection can thus be

subdivided into three categories:

1) for 0< r0< R L, the particles penetrate thlough the trap, tracing

a helix around the trap axis and escaping through the opposite mirror;

2) for RL<r0<|/2RLR, the particles are reflected from the opposite

mirror and, after several repeated reflections from the magnetic walls,

they escape from the trap near the surface (fro reed by revolving the natural

line of force) intercepting the ring slit, or thr(,ugh the inlet mirror;

3) for r0 :_ I/2RL R, the particles move without oscillating along the

magnetic line of force, escaping from the trap through the ring slit.

This triple classification of particles was first suggested byO. A. Lavrent'ev

/3/. Note however that forr0 < R L a particle ntay penetrate through the

trap only if it hits the opposite mirror at a dis:anee r0 from the axis. If
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it arrives at themirror at adistance• =_ r0 (greater or smaller), then, as

we see from the topography of the effective potential energy at }z-- 7r]2, it

may b(, reflected. The condition r0 < RLis therefore not without ambiguity,

The influence of the initial angular velocity of the particle on its motion

can be considered with tht_ aid of formula (12). In our fields, it takes

the form

II = ,NC : _-- _ -r _ gFl-_ kro% + /l (kro) .

All the foregoin# re•: tions apply when the initial _-velocity is not zero,

if r_, is replaced with a certain r'odefined by

If kr0<<l and kr_'<i, (2.9) takes the form

• tn£ "

•o (3o)

Hence, for particles with fr0>O, the conditions of penetration through

the trap are the same as for t):_rtici_,s with 9,0 = 0 and a somewhat larger

injection radius, while for particles with %<0 the equivalent radius is

I ,./t_, the particles passsomewhat smaller. In particular, for % 2 mc '

through the trap without reflection from the magnetic walls. If outside the

trap the magnetic field continuously grades into the uniform field of a solenoid,

i eH_
the particles having % =-- _ mE will mow-_ into this field with _,_0.

The motion of a relativistic particle in a trap

For p_rticles with relativistic velocities, the generalized momentum

P_ is

Therefore

tH,_ [ (kr) sin/tz krolx (#s.) ]4' V_ (l-#_)" I, +

The energy integral

• " etlo' s _) I Ii (_z)sin kz krolt (kro) I_

-- 4- ,,r-----i--j = V_. (32)

Since all the results in the preceding sections have been derived on the

basis of these integrals of motion, the previous results will apply if RLiS

replaced with the relativistic Larmor radius

RL= FK"

For particles of fairly high energy, the condition r0 < RLcan always be

satisfied, and some relativistic particles will pass through the trap without

collision with the magnetic walls.
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A magnetic trap of this kind can be applied t,_convert a linear current

of relativistic electrons to a rotating beam with parameters described by

(19)-(21). A small-pitch tight helix, however, is possible only for _0-----r0,

and therefore fairly strong magnetic fields are required to produce reason-

ably slow rotating beams. For example, for electrons with E-- 50MeV and

r0--10cm, the relation r0 =RLiS satisfied in magnetic fields of B0_20,000Oe.

The trajectories of trapped particles

The equations of radial and longitudinal motion have the form

or, applying (3) and (28),

r eH°_l [la (k,') sin kz + -'-k_r." --] X

X --lo(_r) slnkz + _] = O,

r j__q_m_,[I_(k_. k_ a (_o_k_o1_[+
_,m, ] [ _" -I-_ jl_(kr)coskz=O.

(33)

In a prolate trap, or in the general case of axial motion, when kr< I,

equations (33) take the simple form

,,etto,, , ___)
(34)

Equations (34/ were investigated numerically on a UMShN-type computer.

The results are plotted in Figures 4-16 in the dimensionless coordinates

y_ = kr. Ys-- kz, where r is the radial displacem,,_nt of a particle from the

trap axis, z its longitudinal coordinate. The initial conditions of the

problem are

fll _].C

Y2=kRx'whereR-L= e:/0 '

mt ILc

y, = kRiI, where RII = e"-_t_-"

Here vj_ and v_hare the transverse and the lon_ itudinal velocity components

of the particle on injection; H0 the magnetic field strength on the axes of

the trap mirrors. Figures 4-11 show the trsjectories of particles injected

into the trap through the left-hand mirror wit _ the parameters

y_ =0; y, = 0.1and kR= 0.78, ys=-- 1.57.

In accordance with general considerations_ particles with y,_<0.1 can be

expected to move through the trap, while those with Yx >0.28 should move

to the ring slit without crossing the plane z-- O.
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Numerical calculations show that the Yt of particles moving through the

trap is somewhat smaller than the figure which f_llows from energy con-
siderations. For y4 =0.1, particles pass througt the trap only if y,(0)=0.07

(Figure 4). The residence time of a particle in _he trap T=0.460.;:-" As

yL(0) increases, the following pattern is observe l: for yl(0) close to the

low_r bound (e.g., yl=O.08), the particles move in the half-spacez<'0

slightly rotating in 4, but having crossed the pla le z = 0 they start rotating

arounci the axis r=0 (Figure 17). This rotation s asymmetric with respect

to the trap axis, and the particle therefore oscillates in the plane Ir.z].

After reflection from the opposite mirror, the pirticle returns to the

original site of injection and leaves the trap (Figures 5--8). The residence

time of the particle in the trap is comparatively large in this case, since

near the mirror the particle traces quite a few tlrns of a small-pitch

helix (in Figures 5-8, _= 1.236, 0.782, 0.775, _nd 0.567, respectively).

Repeated reflection of the particle is possible orly if it approaches the
inlet mirror far from the axis (r >> r0). In this ca_e, the particle will in all

probability escape through the ring slit. The number of oscillations

performed by a particle between the magnetic walls is the highest for

y_=0.105-0.110 (Figures 9,10, _ = 0.757 and 1.1(, respectively). As y,

increases, the number of these oscillations dec]eases (Figure 11), and

for _7t_>0.28 the particles escape (after • = 0.407) through the ring slit

without a single oscillation between the rnagneti( walls.

The particles are trapped in a certain sense mlywhen yLis not much

greater than Y4. This result is very obvious for particle injection into

traps with y,=0.0044, y==0, .Us=-l.57(Figures12-16). This case corres-

ponds to fairly high magnetic fields. The particles will penetrate through

the trap only for y_=0.0022 (Figure 12). The residence time of the particle
tttc

• The _ilne r is in units of 10 s nw (Figures 4-11) and 10 s _ (Figur_ s 12-16).
eHo
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in the trap _=0.0079. For g_ _._t_, some "trapping" of particles is observed

(T-- 0.0243). In this ease they rotate tracing over 100 turns in the mirrors

and undergo repeated reflection from the magnetic walls (over 23 reflec-

tions) (Figure 13). For g,=0.01, the particle resides a fairly short time

in the trap, and after no more than 15 reflections from the walls it escapes

through the ring slit (Figure 14, _ = 0.015). When the parameter !_, is

increased further, the particle escapes from the trap through the ring slit

without crossing the plane of zero magnetic field (Figure 16, _ =0.0049).

Figure 15 (!t, = 0.03) illustrates a fairly improbable event, when a particle

is reflected frorn the lateral slit and l_,aves the trap (after x = 0.012)

precisely retracing its initial trajectory. Numerical integration with

other values of the magnetic fieids, Y_-- 0.05 and y_= 0.15, confirms the

genera[ pattern of particle motion as presented in Figures 4-17.

Our analysis of the trajectores leads to the following conclusions.

1. Particles injected along the trap axis escape freely if the injection

radius is less than 0.7 R L. For r,= 0.7-0.75 RL, they emerge from the trap

10 7

' • I

0 0!

F[GUF_ 17.

rotatil:g about the axis and tracing a

comparatively tight helix• The axis

of the helix is displaced relative to the

geometrical axis of the trap, and this

displacement increases with the decrease

of injection radius (the injection velocity

remaining constant). The displacement

also increases if the particle is injected

at an angle to the trap axis.

For 0.7y4 _ Y _Y_, the particles

iLjected a_ong the axis are reflected

from the opposite mirror, although particles injected at a certain angle

to the axis may penetrate if they reach the opposite wall with a radius

close to the injection radius.

Particles reflected from the opposite mirror may remain in the trap

for a time of the order of 100/%t residing mainly in the mirrors.

2. For Yt , ._t_, the particles are "trapped" in a certain sense. The

trapped particle is repeatedly reflected from the magnetic walls and

escapes mostly through the ring slit. The number of reflections essentially

depends on the strength of the magnetic field. For gs=0.1, the particle

undergoes a few reflections (5-8) only, while for !h=0.0044 the number

of reflections is over 20.

3. For y, > 1/2_t4k/_, the particles escape through the ring slit. The

residence time of the particles in the trap is comparable with the free

drift time.
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K. D. Sinel'nikov and B. S. Akshanov

EXPERIMENTAL INVESTIGATION OF THE MOTION

OF CttARGED PARTICLES IN MAGNETIC TRAPS

OF CUSPED GEOMETRY

Various experimental studies have recently been published dealing with

the behavior of plasmas in traps with cusped m_gnetic fields. IIowever,

the theoretical aspects relating to the behavior ,_f a rarefied plasma in

these magnetic-field geometries have been stud:ed highly inadequately.

This is not unexpected, since plasma particles "vhose energy is other than

vanishingly small behave in a distinct nonadiaba:ic manner, so that the

drift approximation does not apply. Some know edge of the behavior of

plasma in cusped fields can be gained by examil ing the separate trajectories

of ions and electrons on the basis of the genera] equations of electron

optices /4/, without resorting to the conventional paraxial approximation.

The general equations of electron optics, however, are only solved numer-

ically. The results of appropriate calculations /2/ made with an electronic

computer show that when particles are injected along the system axis with

a velocity v0 from a region of uniform magnetic field B0, it is only the

particles having r0 > R0 which pass through the _ero plane of the field B,;

here ra is the initial radial distance from the ax:s in the uniform field

region and R0 is the "effective" cyclotron radius

Injected particles having ro < R0 escape through :he ring slit in the midplane.

For r0 > R0, the particles trace circular orbits around the system axis,

and a judicious choice of parameters will ensure the formation of a hollow

"electron cylinder", not unlike the Christophilos E-layer. The present

paper deals with experimental verification of the numerical results of /2/.

Apparatus

The experimental setup (Figure I) is a magnetic trap with eusped fields.

The vacuum chamberl with an i.d. of 140ram and a length of 500ram is

evacuated to a residual pressure of i • 10 -4 N/n 2 The magnetic system

comprises two groups of alternating coils 2 set at a distance of 50 mm from

each other; length of each coil group 120ram. Additional coils can be

switched in at the outlet mirror. The magnetic field in each coil group

can be varied from 0 to 0.1T. An electron gun 3is provided at one end
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of the chamber, near the vacuum system piping; it produces a focused

beam 1-2 mm in diameter with energy varying from 0 to 4 keV. The gun

can be easily moved along the axis z

and along the chamber radius r without

BI _82 mB3 interfering with the vacuum; the in-

3 ]_[y] [ [ clination angle aofthe gun to the axis

EL] [_J can also be varied. Portable screens

of various shapes and sizes are provided

--t* at the opposite end of the tube. These

screens can be rotated or displaced

axially down the chamber, until they

1 virtually touch the gun. The following

screens were used:

2 2 a) a solid screen coated on one side

with a phosphorescent substance, screen
FIGURE1. Experhnental setup, diameter 130ram;

b) a screen of 130ram diameter with

a slit 5 mm wide, aligned with the chamber radius; the slit admitted a

straight beam, the screen was coated on the two sides with phosphors of

different colors;

c) a half-screen (130ram in diameter) with bilateral coating;

d) a small screen (60ram in diameter) with bilateral coating;

e) a grid screen coated with a phosphor;

f) a convex or concave screen.

All the screens are transparent (with the exception of the grid screen).

In some cases, additional metallic screens were used.

Procedure

The trajectories of the injected electrons were traced using various

screen combinations. Electron paths, some showing five-fold reflection,

were observed visually with satisfactory reproducibility. Figure 2 shows

a trajector:y photographed off a fixed half-screen set in the plane of

reflection. If the screen is slightly displaced toward the gun (roughly by

lmm), the photograph shows a small part of a second curve produced by

doubly reflected particles (Figure 3). Doubly reflected particles are

registered on the screen because a beam with the parameters F=3keV,

re= 2 cm, B = 0.0085 T slips past the thin half-screen, partially passing

into the unscreened region. On reflection from the plane which is located

somewhat deeper in the mirror, the particles return to the gun and after

secondary reflection, they again arrive at the screen; now, however, they

have a somewhat larger diameter and a new plane of reflection which is

displaced toward the trap center. In some cases, for certain field ratios,

as much as six or seven consecutive reflections can be registered (Figure 4).

The primary beam is best observed using the solid screen. By moving

the screen from the gun to the reflection plane, we record the entire beam

trajectory. The reflection plane can be pinpointed with high accuracy by

the slitted screen. As this screen is displaced from the plane of reflection

toward the trap center by a distance equal to its thickness, the reverse side

of the screen shows bright luminescence attributable to the reflected beam.
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FIGURE 2. The trajectory of

particles in the reflection plane
of the second inirror.

FIGURE 3. The trajectory of

! articles in the rcllcction plallc

_t" the seeolld mtrror:

die primary beam is crescent-

:Raped; the rcf]ccmd bvam is

eprescnted b)' the small scgulcnt

:m top of the crescent.

FIGURE 4. Trajectorie_ of multiply refl :cted beams (pho-

tographed with a concave half-screen),

Since the electron helix pitch is sharply iedueed in the plane of reflection,

and the electrons as if spread over a circIe, the application of two moving

half-screens will enable us to register the primary and the reflected

beams simultaneously. In this case, only part of the primary beam or

the secondary beam reflected from the first mirror will be admitted through

the slit into the gap between the two screens (Figure 5). The simultaneous

existence of beams of different reflection m lltiplieities is easily verified

as these beams are successively extinguish_ d by moving the screen along

the z axis.

This point is additionaIly confirmed when the beams are extinguished

using a third half-screen provided near the gun. Various screen com-

binations were used in the experiments. Application of screens in a system
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withanaccuratelycalibratedleng[hcoordinategivessatisfactoryqualitative
andquantitativesolutionsto variousimportantproblemsconnectedwith
chargedparticle injection.

FIGURE5. Trajectoriesoftheprimary
(bottom)andthereflected(top)beams
obtainedwithtwohalf-screens;
/x_atliparailiCt,:rs:v=3.G]<cV, re

2,5(::ri, B=0,011 T.

FIGURE 6 The trajectory of particles

obtained with the screen moving from

the gun to the reflection plane;

beam parameters: v=3,SkeV, %=2cm,

Ix= 0.01T.

Experimental results

Figure 6 is a photograph of the trajectory of "extra-axiai" and "paraxial '_

particle:s /1/, obtained as the screen moves from the gun to the reflection

plane. Figure 7 (top) shows the projection of the trajectory on a plane

parallel to the z axis. The same figure (bottom) gives the axonometric

projection of this trajectory. The particles after first reflectionmove around

the axis tracing a helix with an ever increasing pitch; between the neutral

plane and the first plane of reflection, however, the particle trajectories

do not embrace the axis.

Figure 8 shows beam trajectories of various reflection multiplicities

photographed off a stationary half-screen provided in the gun region. The

trajectories of the reflected particles in this case do not embrace the

system axis. We thus see that the "extra-axial" particles existing to the

left from the neutral plane are converted into an entirely different class

of "paraxial" particles upon crossing the neutral plane (where the field is

zero). In the reflection planes, the entire kinetic energy of translational

motion mv_/2 is converted into the energy of rotational motion m:,_/2 = _,

where _ is the meridian potential [1/. This feature is responsible for the

reflection of particles from the magnetic mirrors, and the trajectory of

a small-pitch beam of finite dimensions is displayed as a circle on the

stationary screen.

The motion of particles in the trap is substantially influenced by the

position of the gun. Displacement of the gun along the zaxis toward the
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neutralplaneincreasesthehelixpitchin thesec,mdmirror regionand
somewhatreducestheeccentricityAr (see below).

Increasing the inclination a of the gun to the trap axis shifts the reflection

plane toward the neutral plane. If the inclination is greater than 0.07-0.08 rad,

no discrete beams are distinguished, and the screen glows continuously.

The distance r of the gun from the z axis has a very strong influence on

the position of the plane of reflection and the trap volume (region of

existence of reflected particles).

FIGURE 7. Particle trajectories. FIGURE 8. A photograph of"exlra-axial"

particles reflected from the first mirror.

The condition of trapping has the form r> Ro t2/. If the injection radius

fa]ls in the interval0 <r< R0, the particles pass through the second mirror.

When the gun is set on the axis (r = 0), the beam clearly moves unimpeded

along the zaxis. For r close to zero, particles are "trapped" only if the

magnetic fields are large or the particle energy is correspondingly small.

Figure 9 plots Vet as a function of the injection radius r0. This curve

separates between the regions of reflected and t,-ansmitted particles. We

shall see in the following that this curve is highly relevant for the correct

choice of the parameters of helical beams.

Fcr, keV

, /
a !

/

/
1 f

,/

0 1 2 rw.cm

FIGURE 9. The critical energy

of reflected particles Vcr as a
function of the injection radius %

3

( 2 _ 6 8 I0 12Lcrn

FIGi RE 10. A family of cnrves

plot mg the position of the reflec-

tion plane as a function of the

mag:letic field for various injection

energies (3.8, 3, and 2.5keVJ.
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As themagneticfieldB increases, the plane of reflection moves toward

the neutral plane. Figure i0 shows a family of curves which plot the

position of the reflection plane as a function of the magnetic field for various

injection energies.

A study of particle motion for various injection parameters shows that

the conditions of multiple particle reflection are satisfied in a fairly wide

range of parameters. Figure II plots the fields corresponding to adiabatic

(r _ V'2R_-)/2/, reflected (Ro < r<I/2RoR), and transmitted (0 < r < R0)

particles as a function of injection energy. The curves are plotted for

various injection radii.

If the field beyond the second magnetic mirror is uniform, and the beam

energy is somewhat higher than the maximum reflection energy, the beam

penetrates through tracing a very tight helix. The nearer the particle

energy to reflection energy, the smaller the heli:c pitch.

Photographs of primary and reflected beams obtained in the second

mirror point to a certain asymmetry of the beam relative to the z axis.

This asymmetry is observed in the reflection plane, and also for helixes

penetrating through the mirror. It is noteworthy, however, that the helix

invariably embraces the axis, i.e., we are dealing with "paraxial" particles.

By reversing the field in the coils, we displace the emerging helix in

the opposite direction. It is highly desirable that we should be able to

control the hell'<, namely its pitch, diameter, and disposition relative to

the axis.

These problems are solved as follows. The helix pitch is regulated by

varying the field strength or the particle energy. By reducing the energy

or correspondingly raising the field strength, we reduce the helix pitch.

6'7o-':,T

3OO

tOO

J

! 2 3 ¢.key

FIGURE 11. Fields corresponding to

adiabatic, reflected, and transmitted

particles as a Function of injection

energy for various distances of the gun

from the z axis.

\
\

0 I 2 3 82

5,

FIGURE 12. Helix eccentricity as a

B,
function of field ratio--

Bz

A slight displacement of the helix center relative to the z axis can be

B:

achieved by increasing the field ratio _,. Figure 12 plots the relative

a, = f{_'-I
displacement of the helix as a function of the field ratio, _ _B_/'
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Thefield B, _n the first mirror remains consta _t, and it is the field B2in

the second mirror which is increased. It follows from the curve that the

B2 B2
increase in _is effective up to a certain limit only (roughly up to _= 3).

Further increase in field ratio gives a negligikle contribution. Beam

eccentricity can be somewhat reduced by movilg the gun toward the neutral

plane. An appropriate choice of parameters will actually ensure zero

eccentricity.

We see from the preceding that special gun_ can be used to create

transmitted helical beams with an extremely small pitch: these beams may

in fact be regarded as solid-wall tubes composed of rotating electrons.

Preliminary experiments were made with injection of "helical" beams

into a magnetic-mirror trap (the coils B,, Ba). _ffective particle trapping

was observed for hydrogen pressures of _ 10-: N/m 2, resulting in the

creation of a plasma with fairly high paramete -s.

Conclusions

i. It is shown that, under certain conditions, transmitted "paraxial" beams

can be produced, moving as a tightly wound helix.

2. Some relations are derived for the motic,n of particles in traps.

3. The experimental results are in satisfactory agreement with the

theoretical conclusions in /2/ and with numeri_ al calculations on an

electronic computer.

4. Injection of "helical" beams into a magn _tic-mirror trap is seen to

produce a fairly dense (n_ 1012 cm -3 ) long-lived (t _ 0.1 sec) plasma.
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A.P. Slabospitskii, V.D. Fedorchenko, and B. IX. Rutkevich

AN INVESTIGATION OF A NONADIABATIC MBGNETIC TRAP

In /1/ it is shown that a charged particle mcving in a time-independent

space-periodic magnetic field interacts with th_ field so that almost half

of its longitudinal injectien energy is converted to the energy of transverse

motion. This phenomenon was observed when a characteristic "resonance"
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conditi:moJn=_-% is satisfied. The total energy of charged particles in a

time-independent mc.gnetic field is conserved, and therefore any increase

in the energy of transverse motion is offset by a decrease in the energy

of longitudinal motion. As vlrdecreases, the "resonance" conditions are

no longer satisfied, and the particle ceases to be "resonant".

To ensure a more effective redistribution of energy, the particle must

be maintained in "resonance" for a longer time. This can be achieved in

two ways /2]:

i) by reducing the period L of the modulating magnetic field, while the

guiding field remains constant;

2) by reducing the guiding magnetic field H z along the trap axis, while

the modulation period remains cor, stant.

We adopted the second approach. To derive the variation of the guiding

2_
magnetic field which would ensure "resonance" conditions eH =-L-vjr in the

entire space-periodic magnetic field region, we proceeded with a theoretical

analysis of the motion of a charged particle in a magnetic field of the form

H, = Ho, [1 + hlo (v, r) cos vz] (1)

2_ H_ 2_

under the following assumptions: v= Z- =const, h=w-_- _ =const and _H=-Zy%

along the entire space-periodic magnetic field region; h is the modulation

ratio of the space-periodic field.

The equation of motion was written in the form

, 0}_

r + -_[I + 2h/Q(v, r)cosvzlr =0. (2)

Simple substitution of variables reduced this equation to a canonical Mathieu

equation, which was then solved by an asymptotic technique. The solution

of this equation provided us with a relation describing the variation of the
_rt

guiding magnetic field H= necessary to establish the "resonance" ¢_H = %- %

alGng the entire space-periodic field region:

(3)

where r0 is the injection radius of the particle in the space-periodic field.

We know from the theory of parametric resonance that small modulation

factors ensure a narrow resonance curve. To ensure substantial inter-

action of the charged particle with the space-periodic magnetic field in

systems with a low modulation factor {h=5%), we set up a space-periodic

field accomodating numerous periods.

Apparatus

A schematic diagram of the experimental setup (b) and the magnetic

field geometry along the trap axis (a) are shown in Figure I. The vacuum

chamber is a tube 0.I m in diameter and some 4 m long. Diffusion oil
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pumps attached at both ends evacuated the chamber to a pressure of

1.33 • 10 -4 N/m z. The guiding field solenoid was 3 m long. The guiding

field varied in accordance with formula (3) from 9.3 • l0 s AV/m to

4.8 • l0 s AV/m. Space-periodic modulation of the guiding magnetic field

was provided by a system of alternating coils. This coil system was

set inside the guiding field solenoid. The modulating field strength varies

according to formula (3), ensuring a constant modulation factor of 5% along

the entire space-periodic field region. This region accomodated 19.5

magnetic field periods. The electrons were injected by a hot cathode

electron gun mounted outside the magnetic field region. Deflecting plates

were applied to ensure the required injection radius %. Electron injection

energy was 1250eV (2 • 10 -16 J).

II

LZ

b

FIGURE1. A schematic diagram of th : setup

and the magnetic field along the trap, xis:
I and II are the first and the second magnetic
mirrors; 1) vacuum chamber; 2) guidi _g field
coil; 3) modulation field coil; 4) elec :ron gun.

In the first stages of our work, we had to so:ve the problem of producing

a guiding magnetic field specified by formula (3). The required magnetic

field variation along the axis was ensured by appropriately varying the

current through each magnetic coil: the currert was adjusted by coupling

T Ie,llz /z' ._lie°
FIGURE 2. Guiding field coils.

suitable resistance _ into each coil (Figure 2).

The magnetic field was measured by a frequency-

doubling magnetic modulation probe /3, 4/ and

an EPP-09 recorder. The probe was moved

along the magnetic system axis at a speed of

0.007m/sec by an,.lectromotor. The electric

block-diagram of the probe is shown in Figure 3.
The cores were febricated from E-310

steel. Probe size, 0,01X0.01X0,008m. The _robe was calibrated in the

field of a long solenoid. The curves traced by :he EPP-09 recorder were

treated with the aid of a calibration graph (Figl:re 4). By adjusting the

frequency and the amplitude of the magnetizing current, we hit on
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the optimal operating mode of the probe, which was made to measure

magnetic field gradients of _ 5% to within 1.5%.

H

Amplifier
Detector

FIGURE 3. The electric block-diagram of the magnetic field probe

V, mV
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FIGURE 4. The voltage V of the second

magnetic-probe harmonic as a function

of the magnetic field H.
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FIGURE 5. Magnetic field distribution along

the trap axis:

is the period number of the modulation field;

dots mark the magnetic field calculated from

(3), crosses give the magnetic field set up in

the trap.

Figure 5 shows the distribution of magnetic fields along the trap axis.

The upper curve gives the axial variation of the modulation field H_, and

the lower plots the distribution of the guiding magnetic field H,. We see

from the figure that, to within 2%, the guiding field is identical with the

magnetic field calculated from (3). By enclosing a space-periodic magnetic

field region between magnetic mirrors, we created a magnetic trap. The

magnetic field in the "mirrors" was not large.

Experimental results

The motion of charged particles in a space-periodic magnetic field was

investigated using a phosphor-coated screen. This technique is fairly

inaccurate (giving an error of some i0%), but it nevertheless revealed

some very interesting features. Interacting with the space-periodic field,
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the charged particles moved in an evolving helix t(,uching the trap axis.
2.x

This motion was observed when the "resonance" c mdition _ =T v_ was

satisfied. The luminescent screen was set in a magnetic-field minimum

position. By measuring the displacement of the be, am image on the screen

from the trap axis, we can find the transverse energy of the electrons

(the magnetic field strength near the screen is of c,ourse known). On account

of the partial phase defocusing of the beam, the image on the screen was

crescent-shaped. Abright-up reticle was provided behind the screen, so

that the beam displacement from the axis could be measured with an

accuracy of 0.002m. We thus established that in :'esonance, no less than

70% of the longitudinal energy of the particles was converted into the energy

of transverse motion.

The transverse beam energy was also determired by an alternative

technique. The transverse energy in the magnetic-field minimum H0 was

found from the condition of charged particle refle(tion from a magnetic

, . ,, W±0 :> H0 Having pinpointed the reflection plane and having
mirror w, Href"

measured the reflection magnetic field Href, we CO fld easily find the

W±o H,, %.
transverse-to-total beam energy ratio q (in %): q=, _-. 100% .... 100

/tref

The plane of reflection was not sharp, Hre f varyin_ from 1.45H0to 1.25 H0;

hence '1 -- 69- 80%.
The current coIlector with a small central hole (for the injection of the

electron beam into the trap)which was provided in front of the first mirror

outside the trap picked up the major part of the fast particles current at

the time of resonance trapping. The phosphor co:ting of this collector

displayed the trace of the fast particles emerging from the trap: they were

seen to emerge near the axis.

All this shows that a system which is characte:'ized by a highly effective

"resonant" conversion of longitudinal energy into ransverse energy is also

most effective in converting the energy of transvecse motion into longitudinal

energy. This conclusion is confirmed by experirrents dealing with the

number of charged particle reflections from magretic mirrors in a trap.

The number of charged particle reflections from the magnetic mirrors

was determined by two methods. In the pulsed te,:hnique, a well-shaped

square pulse was applied to the electron gun modtlator to cut off the

electron injection current. The electron eollecto" provided in front of

the first mirror outside the trap generated a curr?nt pulse which was

induced by the fast electrons hitting the collector at the time of resonance

trapping. The time of rise of the collector curre:tt gave the lifetime of

the trapped particles, whereas the number of refl:ctions could be evaluated

from knowledge of the trap geometry. These measurements gave the

figure 6 for the estimated number of reflections f "ore the magnetic mirror.

The pulsed technique is insufficiently accurate fol small currents, since

in this case we are dealing with small-amplitude mlses. On the other

hand, if the electron injection current is raised above 10pA, low-frequency

oscillations are induced in the trap.
To check the results obtained with the pulsed t,_chnique, the number of

charged particle reflections from the magnetic m rrors was determined
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by measuring the ratio of the probe ionic current at the time of resonance

trapping to the ionic current picked up as the electrons swept once across

the probe. The probe ionic current was assumed to be proportional to

the current of fast electrons. The collector surface of the wall ionic probe

was large (some 0.6ms), which permitted working with small electron

injection currents. The i(ms produced in dissociation processes drifted

freely across the magnetic field. The probe ionic current picked up as

the electron beam swept once across the probe (with the second magnetic

mirror turned off) is--l+_ _ I, where lis the electron path length; the

probe ionic" current under conditions of resonance trat_ping is --/t _ N,,/.

The current ratio l_ _ ,vj No gives the nun_ber of electron reflections
i+ t

from the magnetic mirrors. The errors in these measurers, ents are

attributable to differences in trajectories under resonant and nonresonant

conditions, which arise on account of the additional ionization by slow

secondary electrons. Estimates show that the error is no greater than

35%. The measurements of ,_robe current ratios give 23 as the nun_ber

of reflections.

The initial phase of particles r_turning through the space-periodic

magnetic field region was altered by rai:_ing the magnetic field strength

in the second mirror, but the number of reflections did not _ncrease

noticeably. Raising the magnetic field strength in the first mirror,

however, did increase the number of reflections, and saturation was

Hml Hm!
reached for H_-_ = 12 and _-0_ = 3. The maximum nut:her of reflections

was 53. Changes in pressure did not affect the reflection of charged

particles from the magnetic mirrors.

Our experiments show that a "resonant" roagnetic field ensures effective

conversion of longitudina] particle energy into transverse energy,. The

residence time of electrons in a magnetic trap with a "resonant" space-

periodic field is not high, and it is mainly determined by the reverse

process. Charged particles apparently escape from the trap after a very

short time owing to the radial growth of the transverse magnetic field

component. At a distance of 0.035rn from the axis, where the charged

particles return to the space-periodic magnetic field region after reflection

from the second mirror, H_ is large, the "resonant" curve is fair]y broad,

and the probability of the reverse process is high.
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A.P.SlabospitskiiandV.D.Fedorchenko

EXPERIMENTALINVESTIGATIONOFA CLOSED
MAGNETICTRAP

In /i] we showed that charged particles moving through a "resonant"

space-periodic magnetic field convert some 70% of their initial longitudinal

energy into the energy of transverse motion. The number of charged

particle reflections from the magnetic mirrors, "_easured as the ratio

of the probe ionic currents picked up in different trapping modes, was

fairly small (up to 20). Special tests showed thai most of the fast particles

escaped through the injection mirror. A phosphorescent screen used for

visual display of the charged beam showed a briglt axial spot in the

injection mirror, which was attributable to the emerging fast particles.

It was suggested /2/ that this property of a "resonant" magnetic field

can be applied to realize the reverse process, namely conversion of the

transverse energy of charged particles into closed magnetic traps.

Apparatus

The vacuum chamber of the closed magnetic t:'ap is shown in Figure 1.

This is a racetrack with a perimeter length of some 10m. Length of the

straight legs 3.5m, mean radius of the curving sections 0.35m, effective

trap aperture 0.06m.

The magnetic field strength along the entire trap was close to 17" 103 A/m;

in the space-periodic field region, it varied as s_ecified in /1/ from 9.103

to 4.8-103 Aim. Magnetic field modulation factor h=5%. In the linear

parts of the trap the field was provided by multil(yer coils, and in the

curving sections by one-layer helical windings w th a mean diameter of

0.13m and a 0.04m pitch.

The single-layer helical coil compensates for the toroidal drift of

particles since its turns are slightly slanted ]3]. This in turn determines

the resonan _ properties of the single-

To pump layer helical coil: the toroidal drift

3 4 _ 5 is compens_ ted only for particles of

a certain energy IFi_0. A point beam

of electrons with various energies

is stretched by the single-layer helical

coil into a 1 ne which extends in the

drift plane, i.e., for particles with

W,< WEi0the drift is overcompensated,

To pump while for particles with IV u > W_ o it

FIGURE 1. Schematic diagram of the vacuum is undercon pensated.

components of a closed magnenc trap: The mag letic fields of the linear

1) vacuum chamber; 2) modulation field coils; solenoid an( of the single-layer helical

3) flags; 4) plate condenser; 5) fast electrons coil were matched by slightly rotating

collector; 6)electron gun. (through ne_ rly 10 °) the end magnetic

coils and doubling their field in comparison with the guiding magnetic field.

The electrons were injected from a region of ninimum magnetic field.

The injector was a three-electrode electron gun vith a hot eathode. It
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wasprovidedat adistanceof 0.035mfrom theaxis, injectingelectronsat
a 60° angleto thesystemaxis. Theoptimalinjectionanglewasadjusted
bymeansof aplatecondenserwith its electric field parallel to thetrap
axis. Theelectroninjectioncurrentonthetrapaxis reached10_A.
Electronenergywas1400eV.

Phosphor-coatedgrids andaperturelimiters wereusedto recordone
revolutionofthebeam;nonphosphorescentflagsservedaselectroncurrent
collectors. Theflagswereprovidedattheendsof thestraightsections
of thevacuumchamber. A diffusionoil pumpevacuatedthetrap to a
workingpressureof 6.66•10-4N/m2.

Experimentalresults

Experimentswith aphosphorescentscreenshowedthatappropriatechoice
of thedistancefrom thespace-periodicfield regionandof theanglebetween
theparticlevelocityvectorandthemagneticlinesof forceensuredeffective
conversionof thegreaterpart of thetransverseparticleenergyinto longi-
tudinalenergy. Thedegreeof conversionof W_to W,iwas measured with

an electrostatic analyzer immersed in a uniform magnetic field. Figure 2

shows two curves plotting the electron current /picked up by the analyzer

collector as a function of the stopping potential Us(total electron energy,

1380eV). The two curves differ in the modulation factors of the space-

H_
periodic magnetic field _=_.100%. An examination of these curves

shows that the transverse-to-longitudinal energy conversion is a distinctly

resonant process. No complete conversion of W_to W_lcould be achieved;

some 10% of the transverse energy remained in this mode. An important

characteristic of a c!osed magnetic trap is the behavior of a beam with a

certainN, moving through the space-periodic field from the direction of

w±
field minimum, where _=-W/_. 100% is the ratio of the transverse beam

energy to the injection energy, in percent. To study this characteristic,

a beam with q= 10% was created by a special electron gun and injected

along the axis. The electrostatic velocity analyzer established that the

did not increase during beam passage through the space-periodic field.

As the beam was displaced from the axis, the pattern changed, although

the "resonance" condition ¢0M = %-vL_ was not observed.

Figure 3 plots _] as a function of the injection energy W 0 for r = 0.17 m,

where r is the distance from the axis at which the beam enters the space-

periodic field region; the inlet transverse energy is small (11--< 5%). An

inspection of the curve shows that there is no "resonance". We may speak

of a mean,lfor all energies. This property of the space-periodic field

imposes rigid requirements on the motion of the electron beam in ou_ _

closed trap.

The most interesting parameter of the closed magnetic trap is the

number of revolutions Ncompleted by a charged particle. N was determined

by three methods as a ratio of the electron current circulating in the closed

trap to the injection current. These methods are inherently inaccurate,
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since all the injected electrons are assumed to circulate in the trap, and

the intermediate electron losses are ignored.

I, !2A

3.6

2O

t.O

0 _0O40O60080o _0O1280G,v

FIGURE 2. Analyzer current vs, stop-

ping voltage Us:
o-- n=4.9%; .- n=4%.

v-\
I0

_l_ 10/_ 1,3_8 /400 /600 W0' eV

FIGURE Y. The ratio tlvs. injectionenergy

Wo.

An ionic probe with a large collecting surface (some 0.75m 2) was pro-

vided in the straight legs of the vacuum chamber (the region of the uniform

magnetic field). The large collecting surface rlade it possible to work with

small injection currents. The number of revol_ltions N was obtained as

the ratio of the probe ionic currents under different trapping conditions:

N=_-L
1+1 '

where l+t is the probe ionic current in the mod_ of a closed circulating

beam, 1+_ the ionic current picked up when the .qectron beam swept once

across the probe.

The slow secondary electrons interfered wit 1 ionic current measure-

ments, and the probe was therefore maintained at a small negative

potential. For optimal matching of the magnetic trap axes and for a probe

potential of 20V, the number of revolutions wa,: 43. These experiments

show that a closed electron beam is formed.

Pulsed pickup of the circulating current in t} e trap by a charged particle

collector was applied to ensure more accurate x]easurements of the number

of revolutions. In the straight sections with th_ uniform magnetic field,

the ionic probe was replaced with a plate conde lser 0.5m long, with an

0.06m gap. A pulsed electric field was provided between the condenser

plates. The electron beam traveling through tl:e condenser field drifted

in the crossed electric and magnetic fields. TLe electric field strength

was adjusted so that the beam would then hit th_ collector set at a distance

of 0.03m from the axis. If the collector pickup timetpis made less than

the period of revolution of the beam in the trap, tr, the number of revolutions

completed by the electron beam in the closed rragnetic trap can be deter-

mined by comparing the circulating current wit 1 the current carried by a

beam during a single revolution. A square pul_;e was applied to the

condenser plates, having the parameters tp= 2.5 "10 -7 sec, lfr=0.5"10 -7 see,

Up_ 1200V. Time to complete one revolution t = 4 • 107 see. Oscillographic

comparison of the electron currents was hardl) possible on account of the
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small currents, the short pulses, and the comparatively high capacitances

of the oscilloscope circuit. A condenser charging technique was therefore

applied.

The electron beam was picked up by the collector with a frequency n,

charging the output capacitance Cout of the collector and the electrostatic

voltmeter. The number of revolutions Nwas calculated as the ratio of

the electron currents in different trapping modes,

where f_t is the circulating electron current of a closed trapped beam, /_,
is the electron current of a one-revolution beam. These electron currents

can be easily related with measured electric parameters:

CoutUt CoutU_

l- t tpnt , ]-i= tpn,

Hence for the number of revolutions

where U t and U, are the voltages to which Cout is charged by a circulating

electron beam and by a one-revolution beam, respectively: n t and n, are

the frequencies at which the deflection pulse is applied to the condenser

plates in the two trapping modes.

To ensure equal contributions from collector secondary emission in the

different trapping modes, it is advisable to operate with close Ut and U1,

varying the train frequency of the deflection pulses. The measurements

were made with the following parameters: U_=10V, n,=500pulses/sec,

U t=26V, n t=50pulses]see, N=26 rev.

1"he number of revolutions was also estimated by the visual technique.

A special movable electron gun injected a 1400eV electron beam with

n= 10% along the trap axis; the pressure in the closed magnetic trap was

maintained constant. For a residual gas pressure of 2.7"iu -3N/m 2 and

an axial beam current of 80_A, the residual gas was seen to glow. The

axial gun was removed and electrons were then injected by the main gun.

The injection current was chosen so that the circulating beam produced

the same glow. The circulating electron current was found to be equal

to 80_A in this case. The current carried during a single revolution can

be easily found; in our system 1_, was equal to 3.5_zA. The number of

revolutions is given by the ratio N=80[I_,, so that N=23rev. The error

of this technique is fairly large (some 20%). It is attributable to inac-

curacies in the visual comparison of the glow intensities of the residual

gas; N is also lowered by the poor vacuum. This technique is nevertheless

suitable for estimating the number of revolutions :V.

In our closed trap, the electron beam thus completed some 25 revolu-

tions. This number is much too low to he attributable to the scattering of

electrons by the residual gas. Estimates show that for the given working

vacuum, the number of revolutions should be almost ten times as high.

The circulation of charged particles in the closed trap is apparently

governed by other factors, some of which are listed below.

363



1. Outward growth of the radial magnetic fie;d component in the space-

periodic field region. This should considerably broaden the "resonance"

curve, enhancing the conversion of W_ltoW:.

2. The resonant property of one-turn helical coils. As the longitudinal

particle energy varies, the particle is displacec from the axis in the drift

I_lane.

3. Inadequate matching of the magnetic axes of the straight sections

and the toroida[ couplers.

4. During the 1F-to-Waconversion, the inj('c ed bea_ is not precisely

axial.

5. Slow secondary electrons are present in t_e trap.

BIBLIOGRAPHY

1. SI.ABOSPITSKII, A.P., V.D. FEDORCHENKO, and B.N. RUTKEVICH.-- This volume, p.:_54.

2. FEDORCHENKO, V.D,- Dissertation, FTI AN UkrSSR. 1963.

3. I,INHART,J. G. Plasma Physics.- Amsterdam, North-Holland Pl bltshing Company. 1960.

E. S, Borovik, F.I. Busol, V.A. Kovalenko, V. _. Yuferov,

and I2. I. Skibenko

A MAGNETIC TRAP WITH A STRONG IVIAGNE FIC FIELD

A hot plasma can be created in magnetic trEps by injecting high-intensity

beams of fast neutral hydrogen or deuterium atoms, which are partly

ionized and effectively trapped. This method cf plasma creation started

attracting attention especially after it had been proved /I, 2/ that excited

hydrogen atoms could be dissociated by strong

Measurements of the degree of ionization show

of fast ions in this process may exceed by sew

trapping efficiency by residual-gas ionization

10 -7 N/m 2 .

electric or magnetic fields.

._d that the trapping efficiency

ral orders of magnitude the

t pressures of some

In accordance with these new data, in sumrrer 1962 We ceased work on

the GVL-1 magnetic machine, which had been _chematically described in

/3/ and which had been originally intended for operation with central

magnetic fields B0=2T, and switched over to : new project, the GVL-2

magnetic machine, which differed from GVL-1 mainly in the magnetic

field strength.

From various published studies on the ioni_

atoms by electric and magnetic fields we know

increases with field strength; from the data of

ionization growth is particular rapid in the rat

ation of excited hydrogen

that the ionized fraction

/4/ it follows that the

ge of (1- 2.5) • 10 -4 kV/m.

It is thus obviously interesting to try to design a machine with a central

magnetic field which will remain greater than 10T for a sufficiently long

time.
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The previous experience gained in our laboratory with the generation of

high magnetic fields in low-temperature coils /5-8/ indicates that this

problem is solvable for machines with reasonable trapping volume, provided

suitable power sources are available. Our power supply, however, was

fairly limited (a condenser bank with C= 1.75. 10 °2 F, U=5kV, and a bank

o!_ i00 car batteries with a total e.m.f, of 1200V), so that taking an

internal trap diameter of 5cm and a pulse length of nearly isec, we could

only ge_,erate fields which did not exceed 10T at the center of each single

coil. Without dwelling on this point in any detail, as these problems are

discussed in a separate paper /9/, we can only note that the corresponding

fields and times can be reached on account of the low temperature at which

the coils are maintained. The cryogenic approach, as we shall see below,

provides a successful solution to the problem of generating and sustaining

ultrahigh vacuum and designing an injector of fast neutral hydrogen atoms.

Before proceeding with the description of the layout and the main component

units of the GVL-2 machine, we should note that the entire project was

based on the previously developed vacuum system and injector of the GVL-I

machine, so that if necessary, one can easily pass from GVL-2 to GVL-I,

or tc a machine with other parameters, simply by replacing the magnetic

fie]d coils. It is noteworthy that the present machine, despite the small

trapping diameter, is but slightly inferior to OGRA as regards the

field-by-radius product /I0/.

Apparatus

The first model of the GVL-2 magnetic machine which is at present

in operation is shown in Figure I. The main component units are the

FIGURE 1. System layout-section through the

axis of injected beam.

where the hot plasma is also created

magnetic system, or the trap 1, a

vacuum housing 2with pumping

facilities, and an injector" of fast

neutral hydrogen atoms comprising

an ion source 3, a charge-exchange

chamber 4, and a receptacle chamber

5 collecting the neutrals which pass

through the entire system without

dissociating. In principle, our

machine does not differ from pre-

viously described installations /11, 2/,

by injecting fast neutral hydrogen

atoms into the trap; our approach to the solution of the technological

problems, however, is essentially different. In the following description

of the main units of the GVL-2 machine, we shall therefore concentrate

mainly on the technological aspects of the project.

Magnetic system and trap parameters. The GVL-2 magnetic system

comprises two serially connected coils fabricated from ordinary copper

wire (PBD grade) 1.81mm in diameter; the winding parameters:

a, = 2.5 em; oe=4.3; /?=4.4; B=2.1.10-21.

Here a, is the internal radius of the winding; a and fl stand for the ratios

_'_a' and a'-Tb(a_and bare the external radius and the winding half-length
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respectively); B (T) is the field set up at the cente_ of a single coil by a

current ](A).

The coil design and disposition are schematically shown in Figure 2.

Coil windings 1 are laid very tightly, almost continaously, with a filling

ratio X=0.6; number of turns in each coil N=4280. The calculated in-

ductance of these coi]s L= 0.8 H; ohmic resistance at room temperature

R 3°°= llohm. The coils are held in stainless-stee air-tight jackets 2with

a wall thickness of 2ram. Between the windings ald the jacket walls, an

insulating layer 3 is interposed, which is intended for working voltages of

up to 5kV, and which has been tested at voltages of 10kV. When the

magnetic field is turned on, considerable forces o" attraction arise between

the coils (calculations and special tests show that, for the maximum

attainable fields and the small distances between tle coils, these forces

may be as high as a few hundreds of kilonewtons), so that stainless-steel

support flanges 4 with a wall thickness of 8 mm are attached to the inner

end surfaces of the coil jackets. Four double-end bolts 5 of 15ram diameter

are provided between the flanges. Part of the load is also shouldered by

_2

-3

FIGURE 2. A schematic diagram of the magnetic trap system.

the cylindrical couplers 6 mounted on coupling bc Its. By varying the length

of the bolts5 and the couplers 6, we can change t}e distance between the

coils, i.e., the length of the trap and the magnet c mirror ratio. At

present, the distance between the support flanges is 5cm, between the

winding edges 7.5cm, and between the coil centers 29cm. Seeing that

the internal diameter of the tube on which the coi s are wound is 4.5 cm,

and the distance L0 between the magnetic mirrors is somewhat less than

the distance between the coil centers (approximately 27cm), we have for

the volume of plasma in the trap

V= 3.35 - 10 -4 m s .

The arrangement of the coils inside the vacuum housing, whose design

is briefly described in the following, is shown in Figure 3. The coils are

connected axis to axis by the coupling bolts; they are mounted on stainless-

steel supports which are rigidly fastened to the chamber walls. The height
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of the mounts can be regu]ated within a few centimeters, so that the trap

axis is displaced within the desired limits relative to the axis of the injected
beam.

The coils, which are coupled in series, are supplied by carefully

insulated wires laid in long nickel silver tubes 16ram in diameter; the

tubes emerge radically from the vacuum housing. The cross section of the

copper leads is several times greater than the cross section of the winding

wires; the quantity of heat transported by these wires to the coils is

negligible, corresponding to evaporation of some 4-10 -6 kg of liquid

hydrogen per second. In Figure 3,

the tubes accomodating the supply

wires are easily distinguishable,

since they connect with the end

surfaces of the coil jackets.

The coils are cooled in two stages:

first to 78°K with liquid nitrogen,

and then to 20.4°K with liquid hydrogen.

The liquid coolants reach the coil

jackets from below through a single

branching nickel silver tube, and

evaporating they pass through an

annular channel between the coil

winding and the jacket wall; the vapors

collect in a buffering space: N 2 vapors

are ejected while H_ vapors are fed

into a gasholder. When the coils

have been fully cooled to the required

temperature, liquid N 2 and H 2 fill

both the free coil volume and the

buffering space. If necessary, the

liquids can be evacuated through the

same coolant feed tube. The volume

FIGURE 3. General view of the vacuum cham- of liquid nitrogen and hydrogen needed

her and the coil arrangement, to COO1 the coils and the jacket walls

is some 0.075 and 0.035m a, respec-

tively. The rate of cooling of the coils

was determined by measuring the variation in their ohmic resistance for

continuous pumping, first, of liquid nitrogen and, then, of liquid hydrogen.

Since the windings are thick and the coolant liquids do not circulate through

the coil volume, the rate of cooling is slow, some 30 ° per hour. Fortunately,

the cooling is twice as fast in the working temperature range of 50--20°K

/9/. This means that in our machine the current pulses providing the

maximum magnetic field can be applied at least with a frequency of two

per hour.

The ohmic resistance of the pair of coils cooled to the liquid hydrogen

point is 0.21 ohm, i.e., 1/105 of the resistance at room temperature. The

initial power required to generate magnetic fields of some 10T was thus

of the order of 50 kW. These aspects are discussed in greater detail in /9/.

If the field at the center of one coil is known, the central field in the

trap, and also the magnetic mirror ratio, are determined by the coil

separationh. The axial field distribution was calculated from the usual
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formulas,andit is plottedin Figure4 for h =5c:n and h=7.5cm. Th_

abscissa gives the distance from the trap center to the outer coil edge, and

the ordinate shows the total field B set up by the :wo coils, when the field

in the center of one coil is precisely 10T. We s-_e from the figure that

in both cases the mirror fields are fairly close, differing by a few percent

only from the field at the center of one coil. Th,_ difference in the central

trap fields, however, is more significant for the two values of h. The

numerical values of the central trap field and of the magnetic mirror

ratio which are plotted in the figure for the two values of hindicate that

for Bo= 7 T, which is the field strength used in c:flculations of the filling

of our trap with plasma [12/, the mirror field should be Bmi F 10.5T, when

h=5cm.

8, T

0 4 8 t2 $ 20Z, em

FIGURE 4. Axial field distribution

in the trap:

I) h=5cm; II) _= 7.5cm.

8"/0"z,T

I Ir-q
0 2 4 6 8 0 _0,cm

FIGURE _. Radial field distribution

in trap rlidplane for h= q.5 cm.

The radial field distribution in the trap midplane was determined experi-

mentally; the results for h=7.5cm are plotted i:lFigure 5. The values laid

off the ordinate in Figure 5 were obtained in experiments with uncooled coils

with a current /= 4.5 A. We were mainly intere_'ted in finding the field

increment ABas the radius dropped from 2.5cm to zero: it is known that

this quantity determines the fraction of particle., that can be ionized

directly in the trap volume. From the graph we see that in this case

AB
B--_"_ 7%

Vacuum housing and pumping techniques. Tke magnetic system of the

GVL-2 machine is housed in a large vacuum chember 2, whose design is

obvious from Figure 3. The chamber is fabricated from ordinary soft

steel, it is 1.8m long and 1.2m in diameter. T_e various joints and seams

in the chamber are sealed with ordinaryvacuurr rubber, so that unlike

most of the mcdern ultrahigh vacuum equipment our system must not

be heated to the high temperatures (400-450 °) r_commended in ultrahigh

vacuum engineering. We nevertheless hope to zchieve residual pressures

of some 10 -TN/m 2; This will be done, first, b> almost complete screening

of the vacuum chamber walls by a copper screeJL 5 cooled to the liquid

nitrogen point and, second, by establishing very high pumping spreads,
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which are easily attained by the hydrogen 4 and the helium 3 condensation

pumps. It has been proved in /13/ that in principle, vacuum of the order

of l0 -8-I0 -9 N/m 2 can be achieved in rubber-sealed systems.

To facilitate the assembly and the mounting of the coils, the vacuum

chamber was designed, as shown in Figure 6, in three separate sections.

5 2

FIGURE6. System layout- section through
the vacuum chamber axis.

The length of the central section, where

the coils are accommodated, is 0.5m, the

length of the lateral sections, where the

hydrogen and the helium condensation

pumps are provided, is 0.4m. Each

section and the lids are protected by copper

screens which are independently cooled

by liquid nitrogen; the screens partly

overlap when the chamber is assembled,

sealing the chamber space from vapors

of oil, rubber, etc.

The hydrogen condensation pump, whose

aim is mainly to pump out all the gases

which do not liquefy at 78°K (when hydrogen

is first admitted into the system), is a copper sheet welded with a copper

tube of 30ram diameter. The sheet is connected to aliquid-hydrogen con-

tainer of 0.025m 3 capacity which is mounted in a special length of piping

in the upper part of the lateral section. The theoretical pumping speed for

gaseous nitrogen is approximately 70m3/sec. This high pumping speed is

absolutely essential, since in unheated systems residual gas inflow is

possible even if no actual leaks occur: gas molecules are constantly de-

sorbed from the walls. In our case, with the screen cooled to 78 °K, the

total leak is quite noticeable - close to 2.5.1015molecules/see. A simple

calculation shows that even in this unfavorable situation, the equilibrium

pressure in the chamber will remain close to 1"10 -TN]m 2 (ignoring all

other pumping surfaces).

The helium condensation pump is a plane tightly wound copper-tube helix

(tube i.d., 10ram), through which low-pressure liquid helium is contin-

uously pumped. The aim of this pump is to evacuate the hydrogen which

leaks into the chamber during the firing of the ion source and the injection

of the neutral beam into the trap. The external diameter of Lhe helix 62cm,

the internal diameter some 10cm. The total surface of the helium pump

is approximately 0.6m 2, i.e., hydrogen pumping rate is about 260m3/sec.

However, if each H 2 molecule before condensation collides, at least once,

with the nitrogen screen, the pumping speed will be approximately halved,
to some 130ma/sec.

The large capacity of the vacuum housing and the enormous hydrogen

pumping speed (it can be easily increased by a considerable factor) enable

the charged component of the ion beam to be deflected directly in the trap,

as shown in Figure 1, thus somewhat reducing the distance to the ion

source. Since the population of the excited hydrogen levels rapidly fall

off with the distance from the source /14/, this point may prove to be

beneficial for increasing the proportion of neutrals ionized in the trap
volume.

Applying the new data /15/ on the penetration factor of hydrogen ions

in a heated stainless-steel target, we can easily show that even for the
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givenarrangementof thetargetandtheheliumpunp, theequilibrium
pressurein thechamberis maintainedin thevicir ity of the10-_N/m2
markfor an injectedion currentof upto 10mA.

Injectorof fastneutralhydrogenatoms. Ion ;ource. Hydrogenion
beamswereproducedbyanionduplasmatronsoulceattacheddirectly to
thecharge-exchangechamber. Thismeansthatamixedbeamof hydrogen
ions, containingH2+ andH+ ions,aswell asprotor_s,hits thecharge-
exchangetarget. Thebeamof neutralswhichemergesafter charge-
exchangealsocarries particlesof differentspecies. As it followsfrom
theresultsof /16/, these particles are mainly hydrogen atoms with different

energies: E, El2, El3, where E is the energy of the accelerated ions, equal

in our case to 30keV. It is known /17] that mass composition of ion beams

depends on the source operating conditions, and that an operating mode can

be chosen with protons constituting the bulk of beam particles. In our case,

we did not look for this optimal operating mode for the following reasons.

It is shown in ]1] that the fraction of atoms ionized in a strong electric or

magnetic field is highly sensitive to the partic]e o-igin: if the H ° atoms

are dissociation products of H + or H +, the ionization is higher than in cases

when the neutrals are produced by charge exchange. If we also remember

that the yield of H ° atoms per one charge-exchangmg H + or H + ion is greater

than unity, we see that under our conditions, despite the comparatively low

efficiency of the electric field E*= [v x Blfor 15 and 10keV H ° atoms, a

much higher trapping efficiency can be expected than in experiments

employing pure proton beams. It must be taken into consideration, of

course, that the interpretation of the experimentai results in "mixed-beam"

cases is much more complicated, and a provision is therefore made in the

original machine design for injection of beams wi:h one-species particles.

Charge-exchange chamber. Charge e_change is achieved by

intercepting the accelerated beam of hydrogen iom_ with a supersonic CO 2

jet. The behavior of supersonic gas jets injected into a vacuum and con-

densing on low-temperature surfaces has been investigated in some of our

previous papers /18- 20/. It has been shown that these jet targets have

several obvious advantages, the main one being th_ low pressure maintained

near targets of optimum thickness (as low as l" 1(-4 N/m2); CO2, A, and

N 2 are also highly convenient for handling in this ;;oft of work.

The charge-exchange chamber is of the same d_sign as that employed in

/18/, but the shape and the position of the condenser relative to the Laval

nozzle have been altered: here the jet is directed downward, while in the

previous experiments it was injected from bottom to top. This modification

was introduced to neutralize the following effect: :he solid condensate

layer does not always remain stuck to the walls, i! may crack and partly

crumble. When the detached crystals fall on heat._d surfaces, they

evaporate, and this clearly has a detrimental inflLence on the vacuum

in the charge-exchange chamber. As regards the condenser geometry,

it was found to have no irffluence on the vacuum in the charge-exchange

chamber. This problem is discussed in greater d_tail in /20/.

Receptacle charnber. Its design is essentially simple (Figure 1).

This chamber also was prepared taking into consi, teration the latest data

on the penetration factor /15/: it comprises a he_ted stainless-steel

target and a small condensation pump. It is assumed that the greater

part of the neutral hydrogen beam hitting the target will penetrate into it

for good. The part of the beam which is not absorbed by the target is

removed by the condensation pump, whose pumpin_ speed is somewhat
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higher than 10m_/sec. If, say, the equivalent current of neutrals hitting

the target is 10mA, and the ion penetration factor is 90%, the equilibrium

pressure in the receptacle chamber for this pumping speed is 2 .10-6N/m 2,

(providing, of course, that the hydrogen vapor pressure at the condensation

point is less than this figure). It can be easily shown, however, that this

vacuum is unnecessarily high for a receptacle chamber of the given geometry

(cooled channel diameter 5cm, length 20cm, distance to trap center, 80cm),

since already for pressures of 6-I0 -5 Nlm 2, the equivalent pressure at the

center, corresponding to the primarybearn of hydrogen molecules emerging

from the receptacle chamber, is less than 1 .10-TNlm 2.

In conclusion we should note that we have not yet completed the final

tests of the machine components, but the preliminary experiments give

quite satisfactory results. Pressures lower than I0 "6 N/m 2 were achieved

in the vacuum chamber without any prolonged conditioning acd even without

turning on the helium condensati<m pump. The main difficulty at this stage

was how to eliminate the so-called "cold" leaks, i.e., leaks arising when

liquid nitrogen, hydrogen, or helium are poured into the ceils or other'

vacuum-adjoining vessels.

The magnetic trap system was tested only with the condenser hank

mentioned in the introduction. In the first experiments, the coils were

cooled to the liquid nitrogen point, and later to the liquid hydrogen point.

The ma::imum field in the magnetic mirrors produced at 20.4 OK for a

condenser bank voltage of 5kVwas close to 10.5T, i.e., nearly equal to

the calculated figure. The growth time of current from 0 to /max was

0.28sec. In subsequent experiments, the coils will be supplied with power

according to the scheme described in /9/.
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E.S. Borovik, F.I.Busol, and K.D. Sinel'nikov

A CALCULATION OF THE FILLING OF THE GVL-2

TRAP WITH PLASMA

In this paper we consider the filling with plasma of a small-capacity

magnetic trap with a high magnetic field. The cesignof the magnetic

machine is described in a separate paper /1/. Here we shall only give

a schematic diagram of the magnetic system and some relevant data on

5O

H b

c

FIGURE 1. }Magnetic system layout

(a), pataxtal line of force(b), and

axial distribution of the magnetic

field (c).

magnetic field distribution which are needed
in calculations.

The magnetic tri_p system is schematically

shown in Figure 1 ( } is a quantity proportional

I

to _in tel. un., His the magnetic field

strength in tel. un.). The magnetic field is

provided by two long coils with a length-to-

diameter ratio 8= 4.4 and an external-to-internal

diameter ratio _=4.3. The coils are fabricated

from copper wire _ nd are cooled by liquid

hydrogen. It has b_en shown /2,3/ that fairly

long pulses can be )btained under these condi-

tions. For example, for a 10T field at the

center of one coil, the allowed field lifetime is

close to 2sec, and for a 20T field, the lifetime

is close to 0.5sec. Copper coils with a=4.3 and

1I=4.4 may sustain fields in excess of 20T ]3].

Coil separation can be varied from 5 to 15 cm.

The magnetic mirIor ratio is a function of this

distance. For coil separations of 5, 7.5, and '.5cm, the respective mirror

Bmir •
ratio _ is approximately 1.5, 2.1, and 4.
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Further calculations will be made for a central trap field B o=7T and a

magnetic mirror field B ,= 10.5T. The two lower graphs in Figure 1 showrlllr
the axis! field distribution and the contour of the paraxial line of force for

this case. We see that the lines of force in the greater part of the trap

vo!ume are convex toward the axis. The inflexicn points, marked with

arrows, are at a distance of som.c 2 cm from the midplane. We shall

show in what follows that this peculiar field distribution is highly significant.

The entire magnetic system is enclosed in a large vacuum housing 1.2m

in diameter and 1.8m long, which is evacuated by condensation pumps /4, 5/

to pressures of the order of 1 • 10 -_ N/m e.

For purposes of comparison, the table below lists the principal para-

meters of different magnetic machines: OG1RA /6,7/, DCX-1 ]8/, DCX-2

/9/, ALICE/IO/, PtIOENIX /11/, and our GVL-2 machine.

Parameters OGRA DCX-1 DCX-2 ALICE PHOENIX GVL=2

Bo, T .......... 0.5 1

Bmir, T ......... 0.8 2
ro. cm ......... 50 13

L, cm ......... 2200 75
V0, cm 3 ......... 10: 6 "It) 3

Injected particles .... H+ H_
E, kcV ......... 160 600

/, mA ......... 150 15

r.fQ ........... 4 l

B_.ro, T-cm ...... 25 13

1.2

4.2

12.5

3'70

2. l0 s

60O

5OO

2.5

15

5

7.7

15

72

2.50 ' I04

2O

IOO

35

75

4.5

9

11

30

6.103

3O

1

2O

5O

7

10.5

2.5
24

3 • 102

Hi
30

10

7

17

Aside from B_, Bmi r and r0 (the radius of the plasma-filled volume), the

table also gives the effective trap length L, the plasma-filled volume V o, the

energy E and the current 1, of the injected particles, the ratio of the radius

r0
of the plasma-filled volume to the radius of the orbit _-, and also the product

B0" r0 which may be regarded as a quality factor of the trap /6, 12/. We see

from the table that, despite th( very small capacity of our trap, its B 0 • 6

is fairly close to the corresponding factor of the largest magnetic machines
in operation.

The small trap capacity enahles us to reduce the injection current

required to fill the trap to high densities. Indeed, in order to create a

plasma with ion density of 1012cm -3 for 1 sec, OG1RA requires an injection

current of no less than 1.6A (even if perfect trapping is assumed), while

our GVL-2 will fill to ihe same density with a current of 5. 10 -5 A. A highly

important factor' is the smallness of the trapping ratio in the injection of

neutral particles. As the trap volume is reduced, the field strength must

of course be raised in order to maintain a constant B, r_. The total mag-

netic energy, however, decreases, since it is proportional to B_j • q_. It is

always preferable to work with strong magnetic fields, since the plasma

density is then additionally raised by the increased magnetic pressure. In

OGRA, for example, the magnetic pressure is merely _lat, which corres-

ponds to'a maximum allowed density of 3 "1012 ions/cm 3 . The actual

density ia of course much lower, since the magnetic pressure must be

considerably smaller than the gas-kinetic pressure. The magnetic pressure

in GVL-2 is 200 at, which for the injection of 30keV particles corresponds

to a maximum attainable density of 5"1015 ions/cm 3. If we take 2" 10 -3
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as the allowed kinetic-to-magnetic pressure r:_tio, we see that densities

of the order of 1013 ions]era s carl be achieved in principle in ore magnetic

machine. Let us consider to what extent the injection of fast neutral

hydrogen atoms in GVL-2 is compatible with the attainment of these high

densities.

The filling of the trap

Neglecting various secondary effects, we write the conventional expres-

sion for the variation in the number of trapped fast ions n:

. dtl to 0

i" _-[ = io't' + Inoa°_q, -4- InO.to -- nnv_eV-- n2o_vV _4" ( l)

Here Vis the volume of trapped plasma, l the path length of the injected

beam of neutrals in the plasma (trap diameter4, i,,the number of ncmtral

atoms injected per second, no the density of neutral molecules in the plasma

volume. V the fraction of neutral atoms trappe t due to ionization by the

magnetic field, gO and o_ ionization cross sect ons of fast neutral atoms in

collision with the residual gas and with the trapped ions, respectively;

%is the cross section for'the charge e:_change of trapped ions with the

residual gas, o_ is the Coulomb collision cros;; section of the fast ions,

vthe velocity of the fast ions and neutrals, _,,,[27r is the probability that a

particle experiencing a Coulomb collision will escape through the magnetic

n]irrors.

The first three terms in the right-hand sid_ of (1) give the addition to

the number of trapped particles due to the cond)ined contribution from

ionization of the injected neutral particles (a) by the magnetic field, (b) by

residual gas molecules, and (c) by previ<ms]y trapped ions. The last two

terms represent particle losses by previously trapped ions. The last

two terms represent particle losses by charg( exchange with the residual

gas and by penetration through magnetic mirr)rs on account of interparticle

Coulomb collisions.

Differential equations analogous to (i) have been repeatedly solved

/10-13], and we shall not investigate it in th( general form. We only

propose to estimate the contribution from the different terms in various

limiting cases, in application to our particular magnetic machine.

The following numerical values will be ass lmed for the constants

entering equation (1). The equivalent current of neutrals will be taken

equal to 10rnA, which corresoonds to i, = 6.25. 101_ particles/hour. A

pressure of 1.3. 10 -7 N/m s corresponds to a number density n,=3.5. 107

molecules/cm a. In estimating the plasma vo ume, we must remember

that for ion number densities of less than 10 l: ions/cm a , Coulomb inter-

actions hardly affect the velocity and the spaca distribution of particles in

times of the order of 1 sec (this proposition will be proved in the following).

Therefore, initially, the plasma occupies a limited volume at the center

of the trap. This volume V l-_60cm a , and on y high-density pIasmas occupy

the entire volume between the mirrors, V0--_300em 3. The trapping path

length of the injected particles is approximatdy equal to the internal

diameter of the coils, i.e., 1-_5cm. Coulom_b scattering cross section
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for 30keVhydrogenions a_=6"10-22cm2. Ion velocities v =2.4"10 s cm/sec.

The charge-exchange cross section with hydrogen molecules corresponding

to this velocity is %_3.5"10 -z6 cm 2. Ionization cross section of fast

neutral hydrogen atoms by hydrogen molecules oF = 1.6"10 -1G cm 2 (for

E=30keV). For velocities of 2.4'108 cm/sec, aF_1.5.10 -16 cm 2. The

last cross section should be averaged over the relative velocities of ions

and neutrals, but this is hardly feasible, since no exact numerical data are

available.

For 7we only have an approximate value. In published papers ]14,15/,

only the total trapping ratio was measured for neutral particles passing

through a magnetic or an electric field with a sharp boundary. It follows

from the data in ]15] that a magnetic field of 7T will ionize slightly over

1% of 30keV particles, tlowever, part of these ionized particles is not

trapped in our case, since they dissociate in the weak magnetic field region

between the coils. The magnetic field inside the coils varies approximately

by 5%. If we assume that only particles corresponding to a 5% variation

in the magnetic field are actually trapped, we have a trapping ratio close

to 0.1%. There is however another helpful factor: part of the atoms which

in principle can he ionized in regions adjoining the inner co[] area will

dissociate only in the working space, since their drift time through the

coil region is much too short for ionization to occur. The trapping ratio

may therefore rise to 0.2-0.5%. We henceforth take y= 10 -3, and in some

cases raise the estimate to y =- 5 • 10 -3 .

Let us first consider the filling of the trap without ionization by magnetic

fields. If the concentration of fast ions is low, only the second and tt_,

fourth terms in (1) are significaHt. The equilibrium concentration of ions

in this case is given by the tk_l'mula

t'oO_r!l

nl VF%, 0.6 10 _ particles/era s. (2)

This numb('r density is much it.as th;tll tl0 and 1o achieve burn-out of the

residual gas for the giv('n injccthm current, the pressure must be lowered

to 3 • 10 -s N/m 2. In r(_ality, how{,vcr, this equilibrium is fairly meaning-

less, since trapping by th(' n_ti_llctic field is much more efficient than

trapping due to ionization by the rosidual gas. Indeed,

/noo':=5. 3.5 10 +_, 1.6 l0 -I'i_2.8 10 -s, (3)

whereas the probability of ionization by th(' magnetic field, as we have

previously observed, is of the o['der of 10 -3 At low concentrations, it is

thus the first and the fourth terms in (1) that play the principal role; if

these terms are assumed to be equal, we find tho equilibrium concentration

l,Pf _ 3.6 l0 lI ions/era 3. (4)
rz_(_:,ac g I

fl2

Taking 5, = 5 • 10 -a, we have

n_ - 1.8. 10 l' ionslcm a.

We see that the equilibrium concentration n. is enormous in comparison

with the concentration of neutral molecules. It means, of courso, that

this equilibrium is not feasible either: neutral particles are burnt out and

the loss of trapped ions is governed by Coulomb scattering.
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Beforeproceedingwith theanalysisof proce_sesafter burn-out,let
us first considerhowburn-outoccurs,estimatingthecharacteristic
times. In our trap, theconcentrationof theslowneutralparticles in
theplasmavolumeis alteredmainlybythefollowingtwofactors: ioniza-
tionof neutralparticlesbythetrappedionsandleakageof neutralmolecules
from the housing through the rin_ gap between tie coils. The differential

equation for the concentration of neutral particles is

[[ere % is the concentration of neutral molecules in the vacuum outside

the trap, {,t the mean thermal speed of the resi(:ual gas molecules in the

gap between the coils (equal to 4. 104 cm/sec at 20°K), S the ring gap area

(approximately equal to 40 cm2), k_ 0.5 the gap resistance coefficient,

a_ ionization cross section of hydrogen molecules by protons. For E=30keV,

o,= 1.7-10 -16.

To produce a substantial reduction in the concentration of neutral

particles in the plasma volume, the following e tuality must be satisfied:

1 -
n°'°'iVI'l _> T risk' (6)

Estimates give for the two sides of this inequality

n_o,vV 1 _ 0.92 mS/see,

)4 f't Sk _ 0.20 m3/sec.

"_Ve see From these figures that the burn-out rate of the residual gas is

mu,-h hif_h¢'r than the rate of leakage. Burn-ot:t is an extremely fast

p_'ocess. Tills m('v.ns that charge-exchange lo..;ses need not be taken into

coHsider'ati(m ttnd that all the ions trapped by t}le magnetic field will

remain in the trap during the first stages. Th, ls, initially,

d,, _"Y = 10 t2 ions/ca "3.sec. (7)
-dr : V1

As the concentration of ions increases, more ind more particles are lost

by Coulomb collisions. For" the equilibrium d_ fined by the equality of

the [ivst :lad th(, fifth terms ir_ (1), we h;ivc

( '"Y )"- 3. lO'_ icns/cm 3. (8)
113 _ , _,h, :

%c,I I -2,_

It is easily seen that this equilibriul_ is again infeasible, since for densities

of the order of 10 la cm -3 the probability of ionization by previously trapped

ions is comparable with the probability of toni :ation by the magnetic field.

Indeed, for' n= 1012 crn -3, we have

[no, +=5. 10 _: 1.5. 10-_')_0.7. 10%

Therefore, already during the first second, ti:e first and the third terms

in (1) must not be n_glected; if the losses are ignored, the rate of growth

of particle concentration is described by the e _uation
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Thesecondterm in (9) representsexponentialgrowth. Thetimeconstant
of theexponentis

_ U1
To .....__ 1.3sec. (I0)

floweret, for densities greater than 6 • 1012 ions/cm 3 , the time between

Coulomb collisions is as low as one second, so that the plasma will spread

throuFh the entire volume between the magnetic mirrors, and in (9) ['0

should be substituted for V I. The density will therefore increase at a lower

rate, and the t!me constant of the exponential term takes the form

T0 --_--6.5 sec. (Ii)

Losses through magnetic mirrors also become noticeable. Equilibrium is

achieved xvhc_ the losses become equal to the current gains, and the

corresponcling concentration of trapped particles is

i0¥
- _ tO/io

n_= "'- --- (12)
o)a

For y= i0 -3, n_4 • 1012 cm ~3 Even when the density is highest (4 ' 1012),

only a negliKibln fraction of the injected particles is trapped: for this

de_isity, we have Ino+-_3 .I0-3

8

6

4

2

0

2

/

/ f

f

2 _/sec

FIGURE 2. Plasma density vs. time

for the initial build-up period:

I) v=lO-3; 2) Y=5"lO -a.

Curves p_otting n as a function of the time t during the initial period,

when the Coulomb interactions are negligible, are given in Figure 2 for

two_-values: 10 -3 and 5" 10 -3 . Introduction of Coulomb collisions com-

pli,'ates the calculations, since the time growth of the magnetic field

produces cross-sectional inhomogeneity of the plasma. The coefficient y

will change for the same reason, so that the curves plotted for the initial

build-up period provide but a rough estimate for the variation of density

in time. It nevertheless follows from this estimate that we can hope to

reach densities of the order of 1012 ions/era 3 in times of about 1 sec,

provided the instabilities haw_ been suppressed.
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Suppressi(mof instabilities

Theforegoingdescriptionof theplasmabuild-upprocessis meaningless
if instabilitiessetin andtheplasmats ejectedfr(m thetrap volume, i:lutes
constitutethemost(iap,Ferous form of instability n this case. Although

increasing th(, magnetic-to-kinetic pressure ratio is beneficial to plasma

stability, th',' criterion for the onset of fluting ins'_ahilities does not contain

the magnetic field streltFth in explicit forln, t[ow<,ver, the drift velocity

in these relatively inhomogencous fields is i,;versc,ly proportional to fie!d

strenglh, so that charge accumulation in the flute; also decreases as til_,

field is raised. If the rate of charge dissipation i ; assumed to be indenendcm

of field strength (e.g., the charge dissipating due to the motion of electron:_

along the field to a shorting metallic, surface), ph_sma stability with resp,,ct

to flutes should obviously increase with increasing magnetic field.

It also seems that the particular field configuration in the GVL-2 machine

(the region with convex lines of force is geometri<ally small and it is also

insignificant in comparison with the region of maFnetic field vari::ti_m) is

further conducive to the suppression of flutes. I_<deed, th( field t_t {h<'

point of inflexion of a line of force is merely 5% _4reater than th centr;.]

field. Therefore, if the' particle velocities _t the trap cc>*er follow a

spherically symmetric distrihution, merely 20"; <,f th{' p:_rtieles will be

reflected from the field region with convex lines c,f force (thus displaying

an adverse drift), while 40% will be reflected fro,n regions with concave

lines of force, and 40% will escape through the m_gnetic mirrors.

For the more conventional field distributions, with a magnetic mirror

Bnlir
ratio /_,, =2 and inflexion points corresponding to a field slrength mlfway

between the central and the mirror fields, 58% of the particles are reflected

l'rom the fiehi region with eonw'x lines of foree, 3% from regions with

concave lines of force, and 29% escape through tl_e mirrors. We see theft

the field geometry of the GVL-2 machine will appare_,tly suppress the

harmful drift even in isotropically distributed particles (th: exact answer

can be given only after numerical calculations wi_h a computer). The

expansion of the cone of solid angles with benefic al drift (this cone in ore"

case is a certain fraction of 40%) promotes the ar isotropie velocity distri-

bution which suppresses the fluting instablities, -3ince up to densities of

1012 cm -3 Coulomb collisions arc insignificant, a favorable particle

distrihution can be artificially created by injectin_ the particles into the

trap after the inflexion points of the lines of forc(.

A second stabilizing factor is provided by the ime growth of the magnetic

field durin_ plasma build-up. As the field increases, the initially trapped

particles move to the center, and this establishes a favorable, plasma

dislributi_m in the trap, the de,:sity increasing tovard the center and the

plasma volume possessing no sharp boundary. The radial field gradient is

not large (the magnetic field varies by a mere _ [ % along the trap radius),

and therefore as the density risen and the thermal pressure becomes equal

to a few percent of the magnetic pressure, the mtgnetic field in the entire

plasma-filled region may, in certain cases, increase toward the periphery.

In conclusion we should note that the stability :riterion proposed in /17/

applies for the GVL-2 up to densities of _1014 crr-3. It therefore seems

that the curves of Figure 2 can actually be realiz._d in practice.
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Enhancen-ent of plasn_a but!d-up

The raw of plasma build-up and the max[mun_ density can obviously be

increased by raisinF the injection current. \Vc shall consider, however,

some alt{_rnatives to this trivial technique.

1:]nhancement of t r:_ppiug by the magn('tic field. As we

have pr<,viouslv observed, on account of the extended ma_netic-fieh]

boundary, only a small p:_rt of the particles are [oni×(,d in th(, magnetic

tr'cp, while the majority dissociate in the _rowin_ ma/_netic field in the

rap between the coils. Application of maFnotic scr_'(.n]n K for fi(,lds of sore('

10T invnlves co_isideruble difficulties. Th(. ioni×ina influence of the

maKnetic fie_d in the coil Kn,), he)waver, can bc elimh_ntcd by passing the

n(.utFa]s throutth a_i electric fit'ld, su('}/ that

E-! iv. BI< Ei,

whereE_ is the ir)ni×ati:m onset field (in our case E,_50kV/cm).

This field can h(, set up b(,tw(,en plates of suitable geometry. The

parti(J('s _F(_ then ioni?:ed in th(, tra_ only, so that the trapping ratio _,.

increasers t_ I%, i.('. , ])y one order of maKnitud(,. The (hficiency of this

n_ethod is that the pavtb'l_'s arc mostly ionized upon emer_in_ frotl] between

th(. plates, i.c., a_L increased c(mcentrati_)n of p:,rtirlcs is obtained at

the trap periphery. "/'his shortc_m_ing is fortunately offset by the central

drift of char_{ed particles in the fFinKos of th(' con(h!ns('i _" field which

p< narrate into the trap.

l{eduction of th(' (_ff_,ctivc Coulomb scatterin_ cross

section. 'Fho Coulomb cross section a_=6. 10 -22 cm 2 includes remote

collisions wh]rh prodll(!e small-aa_K]e deflection. Coulomb collisions

FLli>;e the longitudinal velocity component and enhance particle losses

th_mFh the n_t_Knetk' mirror. In a time-growth F fie!d, how<.ver, the

transverse field component in(.r(,as(,s. "Fh_. superposition of thesf, two

p_o<:esscs may conserve the p('rper_diculat'-to-lonFitudina] velocity ratio.

The slow inere:_sc of th(, trtl_l:_VeFSe energy obvi;msly does not affect the

outcome of close Coulomb collisions, wh(m th(, dirr.ct:on of the velocity

vector chan_es ahruptly, but it may compensate for' the adverse influence

of remote collisions, whel_ the velo_,ity chan_es slowly. "

Ca]culati<ms show thal in our case, with the field changing noticeably in

on(_ second, this compensatiou is po_sihle up to numher densities of the

order of 10 is cm -3. "i'h(' effective Coulomb cross section is then reduced

by the value of the Coulomb logarithm, i.e. , approximately hy on(, order

of ::q a_ nitude.

P, edu ct ion o f char_e-exchan£e c ross sect on and

increase of ionization cross sect},'_n in a hi_h rnat{nctie

field. In charge-exchanffe processes, most of the products are excited,

and Ln a hizh maFnetic field the proportion (ff excited states may possibly

incrcas(,. Thes(_ fast excit<'d atoms may further dissociate in the magnetic

fieh], without leavin K the trap volume. In hiFh magnetic ficlds, the

ionization cross section may thus be incrensed, and the charge-exchange

cross section reduced. The purpose of these purely qualitative observa-

tions is to focus the attention on this interesting and promising possibility

and to ur_je all concerned to proceed with quantitatiw, calculations or

measurements of the correspondin_ cross sections. The effect may prove

to be noticeable only in fields much _r(.at(.r than IOT.
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POLARIZATION OF PLASMA MOVING IN A H v_LICAL

MAGNETIC FIELD

The polarization of plasmoids moving in a tcansverse magnetic field was

first studied by Bostiek /1/ and later by other authors [2[. The study of

plasmoids moving in toroidal magnetic fields is of considerable applied

interest. As a plasmoid moves through a eur_ed magnetic field, charge
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separation is produced by the centrifugal force and by the perpendicularly

oriented vB and B. This gives rise to an electric field component E, at

right angles to the magnetic-field gradient. On the other hand, according

to [3[, charge separation produces an electric-field component Erin a

plane parallel to the magnetic-field gradient due to the difference in the

Larmor radii of the ions and the electrons. The components E, and E, are

considered in a cylindrical system of coordinates, with an axis through

the center of curvature of the line of force at right angles to the plane of

the drawing in Figure 2. Figure 1 shows the orientation of the components

E_ and E¢ for oppositely directed longitudinal magnetic fields in accordance

with the theory of [3].

H
O

FIGURE 1. Vector diagram of

the components E and Er for

oppositely directed magnetic
fie lds.

To pump

1 Probe 1

W W ) Probo3

W W W _ _robe4

FIGURE 2. System layouL

The components E, and E_of the polarization field are perpendicular to

each other and equal in magnitude, The resultant polarization vectors

for the oppositely directed longitudinal magnetic fields are marked in Figure 1

by EL andE2. The crossed magnetic and electric fields thus produce radial

drift of the plasma to the chamber walls.

Several experimental works have been published /4, 5[ which show that

plasma penetrates through a toroidal magnetic field for n> 1012 cm -3 and

B--<B0kA/m. These experiments are at variance with the theory [6[, which

states that the penetration of plasma through a curved magnetic field is

determined by its dielectric constant

mn

g = 1 + _,.

For K>>I, which corresponds to a dense plasma, the plasma moves in a

straight line regardless of the magnetic-fieldcurvature, whereas low-density

plasmas follow the magnetic lines of force. The experimental studies

[4,5[ did not confirm this theoretical prediction, since the plasma was

found to penetrate through curved magnetic fields even for K--- 10 4 .

In /7/ it has been established experimentally that if the length of the

plasmoid is less than the length of the curved magnetic-field region, the

plasma experiences a strong radial drift due to the polarization electric

field.

K. D. Sinel'nikov has suggested that we should also consider the electron

currents flowing along the lines of force in a long plasmoid, which moves
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partly ill the curved magnetic field and partly n the uniform field. These

currents short the polarization fields induced in the curved field region.

The plasma passes through the curved section if the plasmoid is longer

than the toroidal magnetic-field region. In th s paper, we tried to deter-

mine expe_'imentaily the polarization electric field in a p!asrnoid moving

in a stellarator-type combined toroidal and helical magnetic field.

Apparatus

Figure 2 gives the general layout of the system. A three-turn helical

winding was fitted onto the vacuum chamber {copper tube of 8 cm diameter),

bent into a semitorus with a 42 cm mean radius of curvature. The semi-

torus was joined to two straight sections, each 60cm long. The longitudinal

magnetic field was provided by 15 multiturn coils. The helical windings

and the longitudinal field coils were supplied _y separate d.c. generators.

The system parameters were as follows:

Vacuum chamber length I ............ %4 crn
Internal diameter of the chamber 9_ ....... 8 crn

Maximum longitudinal magnetic field B .... 200 kA/m

Maximum current through helical windin_ /st . .3000 A

Pitch of helical _inding L .......... 1.34 cm

gffective radius of helical winding a ...... 5.4 cm

Pitch angle of helical _,inding a . . • ..... 0.139 rad

The plasma was injected through the strai,*ht leg by a plexiglas conical

source /8/. Capacitance of condenser bank : gF, voltage 8-12kV. Dis-

charge period 6.5_sec. Density of plasma irjected by the conical source,

no less than 10 la em -a.

Results of measurements

The polarization field vector was rneasur( d with flat probes provided

along the curved section, as shown in Figure 2. The flat probes measured

the E_ and E, components of the polarization _ lectric fields between two

points in a plane perpendicular to the lines o" force of the longitudinal

magnetic field. Figure 2 shows the setting of the probes 1,3,4 which

measured the E, component; probe 2 measured the E, component. Separa-

tion of probe plates 4 cn-_. The probes were coupled into the plates of

the OK-17M oscilloscope (insulated from the body) and were maintained

at a floating potential. Figure 3 gives some osctllograms of the I/_signals

for oppositely directed longitudinal magnetic fields anti the gun discharge

current (top trace).

The potential difference t', between two prints in the plasma was measured

by probe 1. We see from_ the oscillograrns Ihat the V_component reverses

its sign when the longitudinal magnetic field is reversed.

Figure 4 gives oscillograms of the V, component for oppositely directed

longitudinal magnetic fields (field strength l_0kA/m). These oscillograms
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showthatthe V, component does not chang(" its direction when tile magnetic

field is reversed; this point is strictly consistent with the theory /3/.

The measurements were made with probe 2.

FIGURE 3. Oscillograms of thc _'z polarization signals and the dis-

charge current for oppositely directed magnetic fields.

FIGURE 4. Oscillograms of the V polarization signals and the dis-

charge current for oppnsitcly directed magnetic fields.
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Figure 5 plots the E, component as a function of the magnitude and the

direction of the longitudinal magnetic field; Figure 6 gives the same

dependence for E,. The magnitudes of E_and Er ire the mean values

obtained by dividing the potential difference by p ate separation (4 cm in

our case). The direction of the vectors E, and E_was determined experi-

mentally as follows. Flat probes were provided at the outlet from the

curved section; the probes could revolve in _ ar,,und the axis of the vacuum

chamber. Plate separation, as before, 4 cm. I,ongitudinal magnetic

field 160 kA/m. Figure 7 depicts two such curves obtained for oppositely

directed longitudinal magnetic fields. We see from the figure that the

maxima of curves 1 and 2 display a relative phase shift of some _r/2 rad.

According to the theory /3/, the angle between the vectors E, and E2is

7r]2 rad (see Figure 1).

Er. van

t z. V/m
r2_ /

9oo 1 t_

/

0 _._ _,0 80 120 _JO200B, kA/m

FIGURE 5. E vs. magnLtude and direction of the FIGURE _ . E vs. magnitude and direc-

magnetic field vector, tion of tl e magnetic field vector.

We also investigated the influence of the helical magnetic field on the

polarization of plasmoids. In these measurements, the separatrix remained

fixed, as indicated in Figure 1, since /st revers,_d simultaneously with the

reversal of the magnetic field.

The E, component was measured with probe I. Plate separation was

reduced to 3 cm, to bring the probes inside the .;eparatrix. Figure 8 plots

E, as a function of the current in the helical win, ling for B= 160 kA/m.

[. y/m

FIGURE 7, E vs. _.

Ez, v/m

0 t 2 31st, kA

FIGURE ,_:. E z vs. current in the helical
winding.
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Weseefrom thefigurethat asthecurrentin thehelicalwindingincreases
(with B= const), the E, component decreases (curve 2); if the longitudinal

magnetic field and the helix current are reversed, E, increases (curve 1).

This variation of E, with current for the given disposition of the probes

can be interpreted by examining Figure 1, which shows the separatrix and

the direction of the vectors E, andE2.

If the polarization electric field is represented by the vector E_ for a

certain direction of the magnetic field (see Figure i), then superposition

of the helical field will rotate the lines of force (clockwise in our case), and

the charged particles moving along these lines will start rotating. The

polarization vector E1will also rotate, receding from the probe plates.

The higher the current through the helical winding, the larger the angle

of rotation of the lines of force and of the vector El. The potential difference

between the probes therefore decreases (curve 2, Figure 8).

In a reversed magnetic field, the E, component points in the opposite

direction, and the electric field vector goes over to E2. When the helical

field is turned on, the lines of force and the vector E_rotate in the same

sense as in the previous case, i.e., clockwise. The vector E2therefore

approaches the probe; if the current through the helical winding increases

further, the vector may pass clear through the probe and start receding

from it. The potential difference between the probe plates first rises,

and then diminishes (curve i, Figure 8).

The following measurements were made to test these considerations.

Flat probes which could revolve in _ were provided at the outlet from

the curved section. By revolving the probes, we established the positions

of maximum or minimum potential difference.

The results of measurements made with revolving probes are depicted

in Figure 9, which gives the polarization field vector as a function of

for B= 160kA/m, /st =0 and for B= 160kA/m, /st = 3000A. We see from

the graphs that the curve for 1st = 3000A is displaced by _r]3 rad relative

to the initial curve; this is consistent with the theoretical results. The

magnitude of the polarization field vector for B= 160kA]m, Ist=3000A is

almost the same as for B=16OkA/m, lst=0. This supports our suggestion

that the polarization vectors Et and E_.do not diminish in the helical mag-

netic field: they only rotate. Measurements of the V, component across

the vacuum chamber were made with two probes. One of the probes was

set near the wall, the other traveled across the chamber.

E. V/m

rad

FIGURE 9. E vs. _ for B_ l_0kA/m, /st _ 0,

and B= 160kA/m, /'st = 3000A.

f\ w
r
I

r \

\

/\
/

/
_\2 3 4 cm

\ ,j

FIGURE 10. Variation of V across the
z

vacuum chamber for B= 160kA/m,

/$,[_ 0.
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Figure 10 plots the variation of _5_across th,, _ vacuum chamber. The

longitudinal magnetic field was 160 kA/m.

The distribution of the polarization electric fields E, and E, across

the vacuum chamber was measured with two probes separated by 1 cm.

Both probes traveled across the chamber main aining a constant separation.

The longitudinal magnetic field was 160 kA/m.

Figure 11 plots the variation of Ez across the vacuum chamber for

oppositely directed longitudinal magnetic fields. The zero points of the

curves in Figure 11 are r=-2.5cm and r=2--:;cm. For larger radii, the

sign of Ez is reversed. This indicates that the plasma jet moves mainly

betweenr=+3cm, i.e., it is separated from the walls.

Figure 12 plots the same dependence for E,. The intersection points
of the curves with the r axis apparently specify the bounds of polarized

plasma. On the outside, this component vanishes for r=3-3.5cm, and on

the inside, for r= 1.6-2.5cm, i.e., the plasmoid is slightly displaced

toward the outside wall of the semitorus. Injection along the magnetic

lines of force ensures a much higher E, than injection against the lines

of force (the curves show considerable verticai separation). The reason

for this phenomenon is not clear.

Ez.v/m

rcm

FIGURE 11, Variation of E z across

the vacuum chamber for oppositely

directed magnetic fields.

tr.V/m

r600

0 2

FIGURf 12. Variation of E, across the

vacuur _chamber for oppositely directed

magne ic fields.

Figure 13 shows the cutoff of a 3-cm wave ;tnd the V, probe signal. The

measurements were made at the outlet from t_e toroidal section. We see

from the oscillograms that the front of the V, signal leads the 3-cm cutoff

front by 25t_sec. Length of the V, signal, som_ 30_sec. Front velocities
of the 3-cm cutoff and of the V_ signal are 3 • 1') 4 m/see and 2.7 • 105 m/see,

respectively. From the oscillograms in Figu:e 13 we may conclude that

the plasma in the low-density head (density le_, s than 1012 cm -3) is polarized,

but there is hardly any polarization of plasma in the slow component (with

a density n--_ 10 z2 cm-3).

Figure 14 shows oscillograms of photomul iplier and V, probe signals.
We see that the front of the V, signal leads the front of the photomultiplier

signal, as in the case of the 3-cm cutoff.

In accordance with /3/, the polarization of a plasmoid moving in a

curved magnetic field is a function of its translational velocity. In our"

case, the polarization is confined mainly to the fast component.
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FIGURE la. Oscillogralns of :{-cm cutoff (a) and of tile g probe signal(b).

FIGURE 14. O.,cill%!rams of photomultipIicr signal(a) andV probe signal(b).

If we ignore the, shorting of the polarization fields in the straight mag-

netic-field regions, we conclude that the polarization should appar('ntly

be grcater than tho measured fiKuros both in th(, fast and th( . slow components,

and that th(_ plasma should not pass through the toroidal section.

If the plasma is highly e<mdu,_-tive, on the other hand, the polarization

fields art" relieved by currents flowing along the magnetic lin(_s of force.

In our eas(', apparently, the fast plasmoid component is partly detached

from the slow compone_t, and the pool' collductivity between the head and

tht, tail is responsible fo_" tlne retention of somo rosidual polarization in

the hoa(t.
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t_OI'ATION OF PLASMA WITH SUPERCRITICAL VELOCITY

A considerable amount of rotational kinetic energy is deposited in a

hi,h-density plasma rotating in crossed fields (_'adial electric field and

axicl magnetic field). In the experiments [1] t_e drift velocity of the

hydrogen plasma never exceeded the critical vaiue (Vcr _6 "104m[sec),

alth<mgh stable rotation persisted for comparatively long times (about

1 millisecond).

-----"_To axis To a:<is ,_

2 ! 3 4 'TIll

FIGURE 1,

Investigations of the magnetic containment o plasma and gen(,ration of

high-tcmpct'ature plasma by thermalization of the rotational kinetic energy

require drift velocities. Preliminary experim( nts showed that high drift

velocities could not be attained simply by incre lsing the radial field strength.

The velocity did not rise above the critical value. Various hypotheses were

advanced by both experimental and theoretical t,hysicists to explain this

curious phenomenon /2, 3/.
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Wemadeanattemptto attainsupercriticalrotationvelocitiesof plasma
in animprovedmachine/1[. Modified design of the center electrodes

provided perfect separation of the plasma from the insulators (Figure 1),

which sharply lowered the impurity content of the plasma and ensured full

ionization of the plasma in the working volume.

The symmetry was improved by applying the radial electric field at

the two ends of the chamber. Reduced gas pressures were employed to

lower the volume of rotating plasma. This also ensured a high degree of

ionization.

We do not intend to go into a theoretical description of the various

processes obtaining in plasma machines of this kind: the reader is referred

to special works /4, 5/.

Apparatus

Figure i is the functional diagram of the setup(RiCithe integrating circuit,

Psparkgap, Rldlimitingresistance,A microwave antenna). Thevacuum

chamber I is a copper cylinder 13 cm in diameter and 200 cm long. The chamber

was initially evacuated to 1.33 -10 -4 N/m2; hydrogen was then forced in to

pressures of 13.3-- 1.33 N/m2 and the chamber was conditioned by pulsed or

contmuousdischargesproducedbyahigh-frequencygenerator. The working

vacuum depended on the temperature conditions of the palladium leak.

The magnetic field was provided by 24 coils around the vacuum chamber;

the field geometry included two small magnetic mirrors separated by

120cm. The field coils 2 were supplied by a 50kW three-phase rectifier,

which permitted smooth regulation of magnetic field strength at the axis

from 0 to 2.105A/m.

Two center electrodes 4 where set coaxially on insulator's 3. These

electrodes were coupled into separate condenser banks C of 150_F

capacity each.

Th(_ condenser bank current was measured with a Rogowsky loop RL,

and the voltage with a resistive voltage divider D. Integrated plasma glow

was picked up with a photomultiplier; the density of the plasma was

inferred from the cutoff of a 3-cm signal modulated with 40 c/s frequency

(modulation corresponds to the transmission of the signal through plasma).

Results or n_easuronlonts

The following characteristic results were obtained for hydrogen pressure

of 0.66N/m 2, magnetic field strength of (1.6--2).105A/m, and radial

voltage of 2000--2200V. It was found that the voltage between the coaxial

electrodes did not drop substantially during the main ionizing discharge,

remaining virtually constant for about 300;_sec (Figures 2, a,b).

Under tht'se conditions, the plasma acts as a hydromagnetic condenser,

and the entire voltage fall cannot be confined to a thin layer. The voltage

may reach 1600--1900V, which is several times higher than the voltage

corresponding to the critical rotation velocity of the plasma in our case

( U_r= 550 V).
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It thereforeseemsthatwehaveactuallyattainecsupercriticalvelocities
in ourmachine:similar resultsareconsideredas;_proofof supercritical
rotationvelocitiesin ]6]. Comparison of our data with previous experiments

/1, 2] shows that the drift velocity exceeds the critical value.

We see from the oscillogram in Figure 2, b that the discharge current

in the vacuum chamber falls off after the main ioni':ing pulse, and then

increases, which is accompanied by a sharp drop o" voltage across the

coaxial. The 3-era cutoff indicates that the density of the plasma between

successive current pul._es falls off appreciably (in ._;ome cases, the 3-cm

signal is actually transmitted, as in Figure 2, c). Figure 2, d is an

oscillogram of plasma glow obtained with a photoml_ltiplier.

._ [_ilsec

a

d

FIGURE 2.

Additional magnetic pressure should be created f all the plasma is to

be retained in the machine. A check of the magnetic containment conditions

for' our experiment, made in accordance with /4/ f( r magnetic field strength

of 1.6.105A/m, hydrogen pressur(_ of 0.66N/m 2, aid coaxial voltage of

1900V, showed that the number density of the plasr_a was n= 1.7 .1014cm -a

whereas the maximum particle density that in principle can be contained

by the magnetic field employed is ncr = 6.101arm-3. The plasma density

in our experiment is thus somewhat higher than the critical figure, which

may result in a loss of particles. (Unfortunately, xre could not achieve

stable operating conditions with a subcritical numb( r density. )

Additional plasma losses are incurred due to rut away phenomena in

particles drifting near the wall, since their Larmo_ radii are fairly large.

The second current pulse in the oscillogram of l?igure 2 is attributed

to the ejection of the greater part of the ionized gas from the working

chamber volume, where the density correspondingl:_ decreases. Gas

leak into the interelectrode space raises the densitb so as to permit second

sparking, the energy stored by the condenser bank l_eing sufficient.
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To sum up, we could not attain supercritieal velocities without incurring

suhstantial losses of primary plasma. A modification of experimental

procedure is apparently required to achieve this two-fold result.
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P,.S. Akshanov, A.I. Strel'tsov, and Yu.N.Gurov

A STUDY OF MAGNETIC SURFACES IN A SYSTEM

WITtl TRIANGULAR WINI)I!XGS

Stellarator-type machines are theoretically the most perfect magnetic

trap available at present. The magnetic surfaces, set up by the longitudinal

field coi]s (Bz) and by helical windings, together with compensation coils /1[

offsetting the (effect of field nonuniformity in the curved sections, are clearly

expected to retain the charged particles for a fairly long time.

The first stellarator had a figure-of-eight configuration. It prevented

toroida] d rift and was thus superior to machines with toroidal field geometry.

In oth,_ r words, the electric fi(,ld set up by charge separation in the plasma

along the curved sections was cancelled by twisting the torus into a figure-

of-eight solid (the field had opposite signs and was relieved by equaliz ng

currents flowing along the chamber axis}. A line of force going once around

the system does not close on itself as in torus geometry: there is a certain

terminal displacement of the line. The rotation of the force line depends on

the twisting of the chamber. Adeficiencyofthefigure-of-eightconfiguration

is the onset of exchange instabilities. These in.stabilities are eliminated if

the rotation angle of the line of force possesses a certain gradient along the

chamber radius. The required gradient is established if the rotation is

provided by helical windings fitted onto the curved sections of the racetrack.

The helical windings ensure that the rate of change in the pitch of the

magnetic lines of force increases with the distance from the axis.
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Racetrack machines with helical windings are fairly perfect, but they

also have some shortcomings: 1) the magnetic field in the chamber is not

"pure"; 2) a considerable fraction of the magneti : field energy is wasted

duc to imperfect coupling of the distant field coil_; 3) the fitting of the

helical coils involves considerable practical diff eulties.

British scientists propo:_ed an interesting moclification of the stellarator

magnetic system /3/, the NOVA machine. A so.called "magnetic molding"

technique was propo.sed for- shaping the inner tor)idal surface into an);

stellarator-type geometry in this pulsed-operati, m machine.

It would be interesting to try the method of m _gnetic molding in

continuous-operation systems. In the present p_per, we describe the

results obtained for a magnetic nqachine which c)mprises a solenoidal coil

wound onto a triangular-shaped base frame. Th, _ base was axially twisted

to provide the desired pitch and then shaped into a torus.

Apparatus and procedure

Two windings were prepared for comparative tests: a triangular-shaped

arrangement and a conventional three-turn helical coil. These windings

had identical parnm,,'ters: the maximum separatrix radius of the common

stellarator winding corresponded to the maximum separatrix radius of the

triangular winding. Figure' 1 shows some photographs of the straight (a)

and the curved (c} sections of the triangular wil ding, as well as the straight

(b) and the curved (d) sections of ttl_' conventional helical winding. The

straight sections had a length of 500ram each, _,'ith windings completing

one revolution over 1 m. Tht_ internal diumcte_ of the stellarator winding

was 180ram, The radius of the circle circums,.ribing the triangular

winding was 90ram. The major radius of the c_lrved windings R = 400mm.

Model measurements included magnetic measurements of the magnetic

field components and electron beam probing. Tlmmagncticfieldcomponents

were determined })y the inductive technique, which is widely accepted,

fairly simple, and sufficiently accurate. The rleasurements were made

in one section, with field probes which revolve¢ in circlesof25.Sand 15ram

radius. The components B,, B_, and B, were m( asured,

Results of ItleaSUrements

The measurements in triangular and stellar itor-type windings gave

close results. Figure 2 plots the. variation o' the field componentsB,,B_,B,

in concentric circles normal to the winding axis. These components

correspond to the straight sections of the cony, rational stellarator systpm

(Figure 2, a) and of the triangular-shaped winding (Figure 2, b). Figure3

plots the field components for the curved secti, ms of the stellarator (a)

and the triangular (b) windings. We see from Ggures 2 and 3 that the

trend of the field components is identical in th( two windings. B_ and B,

display an identical phase shift of 7r/2 fad in the two windings.
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FIGUF{E 1.
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If we accept that the field components B_ and B, vary as -;r. m the

conventional stellarator geometry (falling off from the periphery to th( _ axis),

we obtain the same variation for the triangular-shaped model. The

difference in the rates of change is insignificart: the rate of change in the

triangular-shaped model is a mere 5% less tha _ in the conventional

stellarator. If the winding profile is further mijusted, this discrepancy

will probably be eliminated.
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•_L_[_1£.4,/I,_ [ I I1P'_t/lvqNl_ I I I I.'1

_ _.'/XII l i; ¥'AI I_.11 11! II_ _,,

°vl 11_FI_I I I , f'l'Ng I I I I IT[TI I b
a

FIGURE 2.
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FIGURE 3.

b

Rotating electron beams were applied to tr,me the magnetic surfaces of

the stellarator and the triangular windings. Since we could hardly expect

to obtain an axially twisted triangular-sha0efl vacuum chamber, the

triangular winding was placed directly in an o "dinary vacuum chamber.

This is obviously much better than fitting a cylindrical vacuum chamber

inside the triangular-shaped winding. The latter course entails a

reduction of the effective aperture, and consirerable difficulties a_o to

be expected in the tracing of the magnetic sur'aces near the winding

vertices. In this case the probing beams peru trate only through the

central part of the triangular winding, which is insufficient. By placing

the triangular winding inside the vacuum chan ber, we avoided this

difficulty, since the measurements could be n ade at any point near the

winding surface. The triangular-shaped wind ng was fabricated in this

case from water-cooled copper pipes wound oqto a melallic base frame.

The winding was insulated from the body with fiber glass. Fairly flimsy

insulation was needed, since the winding was _upplied by a high-current

low-voltage source (U = 6 V).
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Thehighvacuumpropertiesof thecomponct_tsenabledus to carry (rot

the experiments at pressures of some 1 -10 -4 N/m 2. The results show

that the triangular-shaped winding presents the same geometrical patt(,rn

of magnetic surfaces as the c_mventtonat stellarator winding. Figure 4

is a photograph of the magnetic surfaces of the triangular winding a,_;

displayed on a fluorescent screen.

FIGURE 4.

Magnetic measurements m_d electron beam probing reveal lh_t the

triangular and the, stcllarator windings have closely similar chnracteristics

in the straight and the curved sections.

If we examine a clos_'d system with triangular-shaped windings, wc

detect a closed lonft-itudinal current-carrying loop. The field set up by

this currellt loop is highly dangerous. Appropriate coupling of the win(lhlg

sections, however, will easily eliminate this closed current.

Cone lus ions

1. Magnetic fields in th',' componet_t secti_ms of the triangulnr winding

are very similar to the magnetic fields in a conventional stcllarator wiih

a three-turn helical winding.

2. The high coupling between the triangular winding and the working

volume permits effective utilizntion of the magnetic em,rgy.
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3. Themagneticfield in thetriangularwindiqgis comparatively"pure":
th('re arenoflutes, thepenetrationof externalfields is reduced,etc.

4. Thetriangularwinding,particularlyif fitted insidethe vacuum

ch:mlber, is much simpler to assemble.

5. Since the application of these windings in experimental work is

most p: omising, additional tests should be mad( with closed models.

BIBLIOGRAPHY

1. X1EL'NIKOV,V.K.--DAN SSSR, 149(5):1056-1059. 1963.

2. A[FkTSIN,,.\.I-.--In: "/)oklady na 2-oi konferentsiiFTI AN UkrSSt po flztkc plazmy". 1961.

:_. I AYI.t'JR,J, B. and K. Y. ROBERTS. --Phys. Rev. Letters, 8(2) : 82-53, 1962,

396



Section Nine

VACUUM TECHNIQUES. LOW-TEMPERATURE

PROPER TIES OF ME TA LS

E.S.Borovik, G.T.Nikolaev, and B.A. Sharevskii

PRODUCTION OF ULTRAHIGH VACUUM WITH

A HEATED HYDROGEN CONDENSATION PUMP

Hydrogen condensation pumps have been applied more than ten years ago

/1[ to create high vacuum in large unheated systems. The vacuum

obtainable with these pumps, however, did not exceed 6.6.10-TN/w 2,

a limit set by outgassing. It has been later established /2[ that a

vacuum of 1.6-10-SN/m 2 (a figure very close to the saturated vapor

pressure of nitrogen at 20.4 °K, which is 1.1 .10-SN/m 2 /3/) can be cr('ated

by a hydrogen condensation pump inside a volume screened from the walls

of the unheated vacuum system by a hydrogen baffle (eliminating outgassmg).

The efficiency of hydrogen condensation pumps being high, it seems

reasonable that a vacuum of _10-SN/m a can be expected for sufficiently

short times in large volumes in heated systems.

We designed an experimental heated vacuum system with a hydrogen

condensation pump and proceeded to investigate its vacuum characteristics.

Apparatus

The schematic diagram of the setup i_ shown in Figure I.

The hydrogen condensation pump is provided inside the triplet 2, which

is coupled into the evacuated volume 1 on one side and into an oil diffusion

pump MM-40 on the other; the oil pump communicates with the triplet

through a length of tubing II and a valve 7, and it is intended for preliminary

pumping: system conditioning and evacuation of noncondensing gases.

_23 t2 13

7

fl

FIGURE i.
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A water-cooledtrap 9 anda liquid-nitrogen-cooledtrap 10areprovided
to preventleakageof oil vaporandits decompositi)nproductsfrom the
diffusionpumpto thevacuumsystem. Weusedanimprovedversionof
theMM-40pump,theonewith anabbreviatedwaterjacket. This
modificationhadbeenshown/4/ to reduce substan ially the total quantity

of decompo_{ition products forming in the pump in lnit time.

The hydrogen condensation pump 3 is a 220 cm 2 spherical surface cooled

by liquid hydrogen. To minimize hydrogen consumption, the sphere was

enclosed in a cold cylindrical baffle 5 cooled by liquid nitrogen from

container 4. Chevrons 6 were provided in places Jn the baffle, to permit

pumping.

The metallic valve 7, whose cutaway is shown i_ the upper right-hand

corner of Figure l, comprised a steel disk which ,:ould be moved up and

down by a coupling rod 14. A sharp annular proje,:tion along the lower

rim of the disk cuts into the silver ring seat 15 when the valve is closed,

to form a vacuum-tight seal. The valve aperture :_s 60ram in diameter.

The evacuated volume 1 and the triplet 2 were manufactured from

stainless steel, to ensure clean interior surfaces and to minimizeoutgassing.

The fixed components of the system were argon-arc welded or brazed.

Flange tightening was achieved by interleaving 0.5 mm annealed sheet

copper 16. The leaves were held between two con cal surfaces provided

on both ends of the matched pipes (conical tapering, 10°), as is shown in

the lower right-hand corner in Figure 2. This is t perfect vacuum seal

which permits repeated and lengthy heating at 400 C without developing

any leaks. The overall leakage in the system (aft(r heating and degassing

the interior surfaces) did not exceed 2.8.10-1°N/n_ 2, which could not

possibly interfere with proper functioning of the setup up to a vacuum of

lO-10N/m 2.

The ionization pressure gage comprised a molybdenum rod soldered

in molybdenum glass. These glass leads were fix-_d to the stainless-steel

flanges by special Kovar cartridges. The flange holding the ionization

pressure gage was fitted into the upper wall of the evacuated volume and

vacuum tightened with sheet copper as all the othe _ flange joints.

The pressure in the system was measured at tv o points: near the

diffusion pump, above the nitrogen trap 10, and inside the evacuated

volume 1, using the ionization pressure gage 12.

The system was heated electrically by nichrom_ coils which were wound

externally on special cores surrounding the evacmtted volume and the triplet.

We have described here the first experimental -netallic setup with a

heated hydrogen condensation pump which is far flora being perfect.

Because of various technological difficulties, the _'acuum pump was too

large and could not be dismantled rapidly if the ne?d arose.

Production of ultrahigh vacuum and the characteristics

of the hydrogen condensation pump

Ultrahigh vacuum was created as follows: the system, initially at

atmospheric pressure, was first subjected to forevacuum pumping. Valve 7

was then closed and the diffusion pump was started. The trap 10 was filled

with liquid nitrogen; when the pressure above the :rap dropped to 10-SN/m 2,

valve 7 was opened and the entire system was pun ped down to _ 10-SN/m 2.

398



Theheatingwasthenturnedon. The temperature of the evacuated

volume and the triplet, together with the condensation pump, was raised

to 400°C. The working temperature was commonly reached in 1.5--2hrs

(starting at room temperature).

The gas released by the interior walls upon heating was continuously

pumped out by the diffusion pump with the nitrogen-cooled trap 10. By

the end of the conditioning stage, the initial pressure (_ 10-SN/m _) was

restored in the system.

The elevated temperature (400°C) was maintained for some time, this

period varying from e×periment to e×periment. The heating was then

turned off, and the system a_lowed to cool. Liquid nitrogen was poured

into container 4 and the ionization gage 12 was switched on to measure the

pressure in the evacuated volume.

Liquid-nitrogen conditioning took a few hours (2--4hrs), in which time

the pressure in the evacuated volume was reduced approximately by one

order of magnitude.

The valve 7 was then closed and the hydrogen pump was filled with

liquid hydrogen. The leak being small (less than 2.8-]0-mN/m2), the

diffusion pump was not turned on whe_ the hydrogen condensation pump

was Punning. The principal noncondensing gas in the air is hydrogen,

and its content is 0.01%; a simpl(_ calculation shows in ou_ _ case that

more than 10 hours are re,luired to raise the pressure in the evacuated

volume by 1 .10-SN/m 2 in our case.

During the first minutes after the admission of liquid hydrogen, the

pressure fell off very rapidly, and then leveled off until it reached tln<

limit value. The maximum vacuum was ma!ntained in the system to

complete evaporation of the liquid hydrogen.

The pressure in the evacuated volume was generally measured by a

Bayard-Alpert ionization gage 12. Since small ionic currents were

involved, the collector had to be carefully protected against all possible

current leaks. We noticed that if the ionization pressure gage 12 was

turned on during the heating period, increased sputtering of the filament

obtained and a conducting film formed between the leads, naturally raising

the ionic current leak. The ionization gage 12 was th-_refore turned on

only after a sufficiently high vacuum had been created (generally no less

than 3--4 .10-SN/m 2 with the heating turned off). Alternative pressure

measurements were carried out with a magnetron-type ionizaticn gage

with a cold cathode, manufactured and investigated in our laboratory /5/.

The results obtained by the Bayard-Alpert and the cold-cathode ionization

gages were identical.

During the heat ing stage, the pressure was controlled with an ordinary ioniza-

tion gage (LM-2) provided above the diffusion pump MM-40 (above the trap 10).

In our investigations of the heated hydrogen condensation pump, we

measured the pressure as a function of heating time and al.so the pump speed.

Figure 2 plots the time variation of pressure(o /Ill) in an unheated

system. For t= 0, the system i_ at atmospheric pressure. Arrow 1 marks

the admission of liquid nitrogen, arrow 2 the admission of liquid hydrogen.

The ultimate vacuum is attained 8 hours after fine startup, and is

approximately 4 .10-TN/m 2.

The curves p _ [(tlobtained after heating are shown in Figure 3. The

heating time (T=400°C) was 3 hrs for curve I and 15hrs for curve II.
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In either case, pumping was star'ted aftez the system had been maintained

at atmospheric pressure for 15 hrs.

temperature (400°C/ was 4 hrs.

Pa

N/m _

i./0"3

H0-_

rt0-5

1.10 .6

t.1_7

r_ 8
0
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I
.I

N/m 2

\ _1 r sO-3

r.tO_

LtO"

HO-'

2

0 Z 4 6 8 _0 f2t. hrs

FIGURE 2. FIGURE 3.

In experiments with prolonged heating (curve II) the setup was allowed

to cool for 7hrs (to 40°C), when liquid nitrogen was poured in (admission

time marked by 1 in t,'igure 3); liquid hydrogen was admitted after al_other

4hrs (2). Once liquid hydrogen had been poured in, the pressure dropped

in a few minutes to 6.6.10-SN]m 2, and then gracually (in 1.5hrs) decreased

to its limit of 4-10-SN/rn z.

In the brief-heating experiment (curve I), the cooling time and also the

time between the admission of nitrogen and hydrogen were correspondingly

shorter, l:tere again the pressure dropped steet ly in the first minutes

after the admission of liquid hydrogen, reaching the minimumof 5-10 -SN/m 2

in 4 hrs.

5,

dm _

7OO

........ I ........ | .....

HO_ 140_ t.lO6 p, N/m z

/sec

FIGURE .t.

Comparison of the curves in Figures 3 and 4 shows that the heated system

is characterized by a very rapid drop of pressu "e in the first minutes after
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the admission of hydrogen. In the unheated system, the initial time rate

of change of pressure is approximately 1/5 of that in heated systems.

It also follows from these curves that the time re_,ui_ed to attain

pr,_,ssures of _ 10-SN/m _ in large metallic systems with heated hydrogen

condensation pumps i.s much less than the time for diffusion pumps with

heating /6/. If the vacuum of 6--8.10-SN/m 2 is regarded as the limit,

the heating time (at 400°C) can be as low as 1.5--2hrs.

The speed of the hydrogen condensation pump was determined by the

conventional technique [7/. The gas was admitted into the evacuated

volume from an auxiliary vacuum chamber through a pipe of known carrying

capacity. The pump speed was calcu]ated from the partial pressure of the

gas admitted into the evacuated volume. The pump speeds were measured

in the range of pressures 2 .10-7--1 .10-SN/m 2 and were found to be

600dm3/sec (see Figure 4).

Tim consumption of liquid hydrogen is sma]I, 1.2 dm 3 per day. I,iquid

hydrogen is therefore reordered from external suppliers when necessary,

and the evaporated hydrogen can be released into the atmosphere.

Conclusions

1. The h<mted hydrogen condensaticm pump (a sphere 85 mm in diameter)

creates an ultimate vacuum of 4 --5.10 -B N/m 2 in clean chambers several

dm 3 in diameter.

2. The pump speed is 600dm3/sec. The pumping time to a vacuum of

5.10-_N/m 2 in a 60din 3 chamber can be reduced to 13--14hrs.

3. The small consumption of liquid hydrogen (1.2 dm a daily) renders

this pump particularly suitable for laboratories without liquid hydrogen

production facilities,
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]].S.Borovik,N.P.Katrich, andG.T.Nikolaev

TRAPPINGOFH+ IONSIN STAINLESS-STEELSI[RFACES

Thetrappingof gasionsbyvariousmaterials lasrecentlyattractedthe
attentionof manyphysicistsworkingwithhotplasma. This is quite
understandablesincein magneticdeviceswith fastparticle injectionthe
ultrahighvacuumis acutelysensitiveto thetrappngefficiency. The
trappingefficiencieshavebeensofar measuredby fewresearchersonly:for
lie+ ionswithenergiesof from 150to 2600eV/1/ and for He + and D + ions

with energies of from 7 to 25keV /2[. Some quartitative characteristics of

trapping have been deduced by studying the desorption of particles imbedded

by preliminary ion bombardment /3, 4, 5/ and als:) in connection with the

development of techniques for the, preparation of ,,olid gas targets and

separation of isotopes /6, 7/.

Nolle of these studies, however, has been carried out in a vacuum, which

is e._sential if the target is to remain sufficient]y clean. We therefore

pro"eeded with first measurements of the trappin_ efficiency TI of 35keV

hydr,_#en ions H + in a tar_et of lKh 18N9T stain]ess steel. The measure-

ment_ wet'(' made in a vacuum, which c, nsured satisfactory purity of the

target surface.

Apparatus

A photograph of th : expvrimental setup is repzodueed in Figure 1. A

schematic diagram o|" the principal elements a!on_ the path of the H + beam

FIGURE L.

is shown in Figure 2. A hydrogen ion beam was _.xtracted from a high-

frequency ion source 1 through an extracting elee:rode with an internal
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diameterof 1--1.2mmanda lengthof 5--6mm; thebeamwasfocused
bytheelectrostaticlens2, acceleratedin theacceleratortube3to 35keV,
anddeliveredinto themagneticanalyzer11throughthefirst collimating
system8, 9. In themagneticanalyzerchamber the _beam changed its

direction by 60 ° and passed through the second collimating system 15, 17

into the measuring chamber 18, where it hit the target 21.

_ 13 tO G 5 4 3 2

23

17

/a

LC_-_ ,2 st g a 7

FIGURE 2.

The high-frequency ion sou_ co with the electrostatic lens provided a

well focused beam of It + ions of up to 120_A, whi_.h ensured a target

cub'rent density of 160gA/cm _. tlydr()gen requirements of the high-

frequency ion sources were determined by the geometry of the extracting

electrode and did not exceed 1.Sere 3 per hour. This is a fairly low

consumption in comparison with other types of ion somces, and y_t it

is muc'h too high if a vacuum of the order of 10 -7 N/m _ is t(,_ be maintained

in the system, since the corresponding pumping rates must exceed

3.105dm3/sec.

The pumping rate can be reduced to a few tens of thousm;ds of cubic

decimeters per second by applying a differential pumping technique.

tIowever, even these speeds are too high for diffusion pumps, not to

mention the contamination of the manifold. VJe therefore employed multi-

stage condensation pumping /8/ whi<_h ensured the required pumping rates,

high stability of the vacuum, and sufficient purity of the target. The

diagram of Figure 2 shows the arrangement of the helium condensation

pumps (ttCP) 10, 14, 16, each of which is a copper vessel of 0.5din 3

capacity with a calculated pumping spewed of 1.2.104dinS/see. The ultimate

I{CP vacuum (it i_ determined by the saturated vapor pressure of hydrogen)

is fair£y low if the pumps are cooled below the boiling point of liquid helium.

The required cooling is easily attained by pumping out the vapors above

the liquid helium. In our pumps, the vapors were pumped down approximately

to 18 N/m 2, which corresponds to an ultimate vacuum of some 1 -10 -10N/m 2 /9/.

The HCP running time was determined by the thermal loads and the quantity

of helium in the pumps. The eonventional liquid helium filling system using a

float gave unsatisfactory results. Too little helium was admitted into the

condensation pumps, and the pumping time was correspondingly short.

We therefore prepared specially designed floats which pe]'mitted liquid

helium filling with continuous pumping of vapor above the liquid surface.

The ItCP running time was considerably increasing and reached 8--10 hrs.
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Asidefrom the HCP, the system also contain,.d two hydrogencondensation

pumps 7, 20 of 0.5dm 3 capacity each and two oil ]iffusion pumps M-500 and

M-2500 (1 and 2 in Figure 1). The M-2500pumpwas used in vacuum system

conditioning and in preliminary evacuation of the hydrogen leaking from the

high-frequency ion source into the chamber 4 du "ing the experiment; the

M-500 pump was intended fo_ the conditioning of the measuring chamber 18.

Both pumps are provided with water- and nitrog(n-cooled baffles and, if

n=_eessary, they can be sealed off by abakcable !3) and an unbakcable (4)

vacuum valves shown in Figur -_ 1. A chevron-type nitrogen baffle is

provided at the bottom of chamber 4. A copper _creen 5 is soldered to the

baffle, al_d partition 6 divides the volume into two, The tidier-hand

compartment is a chamber communi,'ating with the diffusion pump through

the chevrons. A hydrogen condensat[on pump 7 s provided in this

compartment for pumping out the bacl:ground gases. The left compartment

i_ a sealed chamber which communicates with t_e right compartment and

with the magnetic analyzer by means of collimating tubes 8, 9. The

collimating tube 8 (14 mm diameter, l= 250mm, inlet aperture diameter

12ram) is brazed to the p;_t'tition 6. The collim. Lting tube 9 (11 mmdiameter,

/= 150ram, inlet aperture diar_'_'tc._' 9ram) joins t}_' l_.ft compa_-tment with.

the mugm.tic analyzer. This collimatk',n geome vy cnsul_'s a suffi_'iently

low excha,Lge between the chambers and has but _ negligible influence on

the hydrogen ion beam. A helium condensation romp 10 with a speed of

] .2.104 dm3/sec is provided inside the left-hand compattment, ff we

condensation pumps are thus provided inside a camparatively small volume,

and they carry the main burden in the course of the experiment; penetration

of impurity gases from th(' unbakeable part of the setup into the measuring

chamber has been pl actically eliminated.

The magnetic analyzer chamber l l i_ made cf 1 Kh18N9T stainless steel

and i_ vacuum sealed with Teflon. O_ly the maln_tic pole tips 13 are

inside the chamber; the rest of the magnet is h(_ d outside. The magnetic

analyzer chamber i:_ provided with a nitrogen-c(,oled baffle 12 accommodating

the hcliurncondensation run, p14. Hydrogen ion_ tt +, H + and fast

neutral particles from the high-frequency ion source are partially trapped

by th: nitrogen baffle in the magnetic analyzer" chamber, and the rest are

purnped out by IICP. H + ions are transmitted tYrough the collimating tube

15, the hole 23 in the nitrogen baffle, and the tu)e 17 into the measuring

chamber, where the), hit the target. The nitrog:n baffle is a cylindrical

chamber communicating with the measuring vol-tme by tube 17 of known

carrying capacity. The helium condensation pu np 16 is provided in the

upper part of the nitrogen baffle, above the path of the ion beam; this tlCP

evacuates the measuring chamber and protects t from leakage of hydrogen

from the magnetic analyzer. The measuring chamber 5 and the adjoining

components are fabricated from stainless steel; they are vacuum sealed by

copper interleavings gripped between conical surfaces. The system can

thus be baked out at 400--500°C without deve!oring any leaks. A bakeable

mechanical valve (Figure 1) is pl"ovided under t _e measuring chamber,

sealing it off from the diffusion pump M-500.

The target is supported on a copper block, _!yich is in turn attached to

a holder tube 22. The open end of the holder permits cooling the target

during bombardment. The current of H + ions i.u measured with a moving

Faraday cup 19. The vacuum in the measuring chamber is measured with
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an open Bayard-Alpert ionization gage inserted into the chamber. The

hydrogen condensation pump with the screen 20 enclosing the target shields

it from background gases.

Conditioning

The measuring chamber and the valve sealing off the diffusion pump were

baked out for 3--4hrs at 400--450°C before the actual experiment. During

this stage, the oil diffusion pumps with nitrogen traps and the hydrogen

condensation pump 7 were running. By the end of the bakeout period, the

vacuum in the measuring chamber was 1.3 .10-SN/m 2.

When the heaters were turned off, liquid hydrogen was poured into the

hydrogen condensation pump 20. The temperature of the chamber and the

condensation pump was still close to 400°C at that time. The total

consumption of liquid hydrogen was close to 5din 3. The measuring chamber

was simultaneously sealed off from the oil diffusion pump with the nitrogen

baffle. This prevented leakage of oil decomposition products into the

chamber and minimized the residual gas background. The vacuum in the

measuring chamber immediately after liquid hydrogen filling was

4--5.10-TN/m 2. The admission of liquid helium into HCP 16 improved the

vacuum in the chamber to 1.3-10-TN/m 2 almost instantaneously; further

improvement was more gradual, so that at the end of an hour or an hour

and a half the pressure in the measuring chamber was 6.10-SN/m 2. The

actual experiments, however, were generally begun immediately after

liquid helium filling, in a vacuum of 1.3-10-_N/m 2. Hydrogen was regarded

as the main residual gas in the chamber. This assumption is justified, if

we remember that the high-speed hydrogen condensation pump provided in

the measuring chamber evacuates all the impurity gases, with the exception

of those which do not condense readily at 20.4°K. The conditioning

procedure ensures satisfactory purity of the target surface and virtually

eliminates any possibility of its contamination by adsorption after bakeout.

Results and discussion

The trapping efficiency is measured as follows. The Hi+ beam is driven

into the target. The flow of recovered hydrogen, attributable to the reflected

component of the beam and the diffusive reemission of molecules from the

target, affects the vacuum in the measuring chamber. A typical curve of

vacuum vs. target bombardment time is shown in Figure 3 for an HI+ beam

of 35keV energy and II0_A intensity. The change in pressure due to the

ion beam reaching the magnetic analyzer is negligible. The pressure in

the measuring chamber is altered onlywhen the target is actually bombarded.

Given the ion beam current, the vacuum in the measuring chamber', and

the rate of pumpout of hydrogen from the measuring chamber, we can find

the trapping efficiency from

11 = | n(p--po) W
IO_t t-

c
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wheren is the number of particles in 1 dm 3 under standard conditions,

p the working pressure inN/m 2, P0 the initial pressure in N/m 2, IV the

pumping rate in dmS/see, i+the ion beam current in A, e the electron

charge in C; 105 is the atmospheric pressure in N]m _.

In the first experiments, the trapping effi(iency of H + ions calculated

for the pumping rate as determined by the ca::'rying capacity of the tube

17 (8dm3/sec) was vel-y high, initially reaching values close to unity (0.99).

As ttle density of the trapped particles increased, the trapping efficiency

dropped to 0.94 and then remained constant. This high trapping efficiency

was obtained for the first time, and it was th,.refore suggested that the

hydrogen was additionally pumped out by the ,:lean wall surfaces and by

the hydrogen condensation pump 20. To test :his suggestion, we measured

the pumping rates by admitting a constant flow of hydrogen through a

capillary leak of known carrying capacity. The measurements showed that

clean stainless-steel and copper surfaces did not possess a noticeable

pumping in the range of temperatu_'es from standard to 78 °K.

p, N/rn _

FIGURE 3.

E

FIGURE 4.

The clean copper surface of the hydrogen (ondensation pump, however,

was found to pump hydrogen at 20.4 °K. The tumping rate rapidly drops

as the amount of pumped hydrogen increases, and it is virtually zero at

concentrations equal to 0.01 monolayer. This effect has never been observed

before, and it is quite unexpected at such low pressures. In Figure 4,

curve 1 plots the experimental pumping rate _s a function of hydrogeninf]ow.

The dashed line marks the calculated rate of ]lydrogen pumping by the helium

condensation pump 16, as determined by the (arrying capacity of the tube 17
(8 ± 1.5 dm3/see).

The divergen('e between the experimental ([0dm3/sec) and the theoretical

(8±l.5dm3/see) pumping rates in the N> l017 range lies within the

experimental margin of error. During bombardment, atomic hydrogen is

present in the measuring chamber, and its ad{orption may differ from that

of molecular hydrogen. We therefore proeee([ed to determine the amount

of hydrogen adsorbed in bombardment at 20.4 and 78 °K by defreezing the

screen and measuring the pressure of the des)rbed gas. It was established

thnt atomic- and molecular hydrogen were adsc,rbed only at temperatures

below 30 °K and that all adsorption virtually cc ased when the adsorbed

hydro[fen had reached concentrations of 0.01 r_onolayer. The total amount

of desorbed hydrogen is consistent with the th'ory. The experiments

furthermore showed that a certain amount of ! eavier gases was released

from the target during bombardment (1--2%of the number of impinging ions).

1818 406



Thedependenceof pumpingrateonhydrogeninflowintroducessome
difficulties in thecalculationof thetrappingefficiency, Indeed,thepumping
rate is requiredin calculationof thetrappingefficiency,butthepumping
rate dependsontheamountof hydrogenadmittedintothechamber,i.e.,
onthetrappingefficiency. ThecoefficientT1wasthereforecalculatedby
successiveapproximations,takinga speedof 10dm3]secasthezeroth
approximation.Themeasurementsof thetrappingof HI+ ionsby aclean
stain]ess-steelsurfacefor ionenergicsof 35keVandbeamcurrentsof
II0/_A(currentdensity150/_A/cm2)areplottedin Figure5as afunctionof
theconcentrationof imbeddedhydrogen.Curve3in Figure4 plotsthe
sameresultsasafunctionof theamountof hydrogenin thechamber.Note
thatthegreaterpart of thecurvepassesin a regionof constantpumping
rate. Thetrappingefficiencyis thereforecalculatedwithoutcorrecting
for thespeedof thehydrogencondensationpump. Weseefrom thecurve
in Figure5thatthetrappingefficiencydropsfrom 0.96to 0.93asthe
concentrationof trappedatomsrises to N -_ I018cm -2. Further increase

in the concentration of trapped atoms up to N--_2.1019cm -2 does not result

in any reduction of the trapping efficiency; it apparently remains constant

at much higher concentrations also.

&05

()t? 2

12

. , _ .r#, Cmi

68;0_a 2 4 6010_ 9 2

FIGURE 5,

The number of trapped hydrogen atoms was also determined by weighing.

It was established that the concentration of trapped hydrogen reached

2-1019 atoms/era 2. Determinations of the trapping andreemissionefficieneies

by this technique are of independent interest and the results will soon be

published in a separate paper.

Our results are radically different from those obtained in /2/. In this

paper, the trapping efficiency of D + ions in a stainless-steel target is

reported to vary from 0.2 to 0.35 in the energy interval from 7 to 25keV.

Saturation was observed in this energy intervaI, with the deuterium fluxes

to an from the target mutually balancing. For example, the saturation

fox" 15keV D + ions was reached at concentrations of 3.1017 trapped particles

per ClTI 2.

The discrepancy between our results and those of /2/ apparently cannot

be explained either by the difference in mass or by the difference in energy.

Vacuum conditions governing the purity of the target surface probably

make some contribution. Although we did not make any experiments to

prove that the surface cleanup affected the trapping efficiency, there is

some evidence that the efficiency decreases if the surface is contaminated.

In /2/, the vacuum in the measuring chamber was 1.3--4.10-_N/m 2, with

some 30% impurities. This is clearly insufficient for maintaining a c]ean
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target. For example,if thepartial pressureof the active impurities in

the measuring chamber is over 1.10-TN/m 2, u]) to O.1 monolayer may

accrue on the target in 1 rain afterbakeout. T}}e difference in vacuum

conditions, however, can hardly be held respoisible for entire discrepancy

in results. Further experiments will help to e_tablish the exact reasons

for this divergence.

Conclusions

We have established that the trapping effici(ncy of 35keV H + ions by a

clean surface of IKhI8NgT stainless steel is over 93%. This value is

retained up to concentrations of 2.1019 trapped particles per cm 2, and no

downward tendency is observed.

Our results indicate that in magnetic traps the rate of pumping of slow

neutral particles may be reduced at least by ore order of magnitude in

comparison with the figures obtained from the runaway of fast particles

from the' plasma volume.

BIBLIOGRAPHY

l. VARNERIN, L.J. and J.H.CARMICHAEL.-- J. Appl. Phys., 28:913. 1957.

2. SIMONOV, V.A., G.F.KLEIMENOV, A.G. MILESHKIN, and K.A.KOCHNEV.--Nucl. Fusion, Suppl.,

Part 3.: 325. 1962.

3. CARM1CllAEL,J. tL and E.A. TRENDELENB[!RG.--J. Appl. Phy., 29:1570. 1958.

4. CAR,MICHAEL, J,}t. zmd P.M. WATERS. --1. Appl. Phys., 33:1 70. 19_2.

5. BROWN,E. andJ.H. LECK.--Br. J. Appl. Phys., 6:161. 1955

d. KOCH,J. -- Nature, 161:566. 1948.

2. FIEBIGER, K.--Zs. Angew. Phys., 9:213. 1957.

8. BOROVIK,E.S., S.F.GRISHIN, and B.G.LAZAREV.--PTE, No 1: 115. 1960.

9. BOROVIK,E.S., S.F. GR[SHIN, andE.Ya. GRISHINA,--ZhTF, 30:639. 1960,

F.I. Busol, V. t3.Yuferov, and E.I. Skibenko

VACUUM IMPROVEMENT NEAR SUPERSONIC

GAS JETS IN A CHARGE-EXCHANGE CHAMI?ER

In /1, 2/, a vacuum of nearly 5.2.10-3N/m 'was obtained in the charge-

exchange chamber near a gas jet of optimal thickness, This is clearly an

achievement, but the vacuum conditions must _e further improved by one
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or twoordersof magnitude/2/. It has been shown in the previous works

that th< vacuum in the charge-exchange chamber with a supersonic jet is

determined by three factors: the flux of partic_les escaping from the boundary

layers at an al_gle0 > @theorwhen the jet is ejected from the nozzle into the

vacuum, the flux from all over the surface of the jet due to interpartiele

collisions, and the backstreaming from the condenser due to imperfect

condensation of the jet.

In the present paper we discuss the results of experiments which have

been staged to explore the deterioration of vacuum due to the nonideal nozzle

geometry.

The quantitative contribution from each particle flux can be determined

by screening off the ionization gage from different directions. The results

for a (702 jet are plotted in Figure 1, which gives the pressure p_ in the

charge-exchange chamber as a function of the nozzle di._charge q under

various conditions. Curve 1 was obtained with an open ionization gage

LM-2, exposed to all the scattered partic]e fluxes. Curve 2 was obtained

with the gage so screened that the particle f!u:: originating in the nozzle

was eliminated, l:rom th( pressure increment Ap_between curves 1 and 2

at the corresponding qwe can infer the flux of partic]es diverging at an

ang]e@> 0theorfrom the nozzle. Curve 3 was obtained with a covered gage,

none of the particle fluxes reaching it directly. The deterioration of vacuum

in this case is attributable to impurities which do not condense at the

particular temperature, and also to CO 2 molecules which reach the tube

without colliding with the condenser or the baffle after several reflections

from the warm walls. The pressure difference between curves 2 and 3 gives

the sum total of backstreaming plus the f]ux of particles diffusing from

the jet due to interparticle collisions.

D/t,N/m 2

2

_40-3
8

:4

2

8

FIGURE 1. Pressure m charge-exchange
chamber as a function of the flow rate q

of the supersonic jet with variously

screened pressure gage:

1) open gage; 2) screened from nozzle

fluxes; 3) fully covered.

'2 input

FIGUI_E 2. Schematic diagram of the baffling

arrangement for the determination of the
scattered fiux from a nonideal nozzle:

1) chamber; 2) nitrogen-cooled baffle;

3) condensing element; 4) baffle tube;

5) nozzle; 6) disk.

We see from the curves in Figure 1 that the pressure in the charge-

exchange chamber is determined mainly by the flux of particles with

scattering angles0 > Otheof which is greater at least by one order of

magnitude than a!l the other particle fluxes. We should note at this point

that the baffle used in /1/ to cut off the backstrcaming also partly eliminated
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thefluxof particlesfrom thenozzle. Theconclusionthatbackstreaming
is themainfactorinfluencingthevacuumin thectarge-exchangechamber
is thereforein error.

To attaintheultimateaim(avacuumof 10-4--;0-SN/m2),theeffectof
all thethreefluxesshouldbeeliminated,but in tl*epresentworkweonly
exploredthepossibilityof cuttingoff thescatteredflux from thenozzle.
A speciallydesignednozzlewasused,whichpreservedthebasicadvantages
of supersonicjets, namelylargeinlet andoutlet¢iaphragmsfor thebeam.

Thescatteredfluxescanbeeliminatedbyscreeningthejets withcold
pumpingwalls. Oneof thepossiblevariantsis d(scrLbedin thefollowing,
andtheparametrsof thejets obtainedundertherewconditionsaregiven.

Theexperimentswerecarriedoutonthesetupdescribedin /i, 2]. The

baffled nozzle used in determining the scattered flux is schematically

depicted in Figure 2. Supersonic jets of A and CO 2 were investigated. To

reduce the scattered flux, the nozzle 5 was surrounded by a copper tube 4

with an i.d. of 26mm, whose height relative to the plane of the outlet

orifice varied from 0 to 8 ram. The clearance between the nozzle and the

baffle tube was some 3ram. The tube was held br the disk 6, coplanar with

the outlet orifice. The condenser 3 and the tube vith the disk were cooled

with liquid hydrogen. The LM-2 gage and the ax:s of the ion beam, as in

the previous experiments, were both in a plane distant 15ram from the

nozzle edge. The distances from the gage inlet t_ the jet axis and from

the outlet orifice to the condenser were 150 and _0mm, respectively.

p.. N/m 2

0 2 O 6 8 /0 /2q.cmS/sec 0 2 _ 6 8 10 12q.cmS/sec

FIGURE 3, Pressureincharge-exchange FIGURE 4 Pressureincharge-exchange

chamber vs. flow rate for a supersonic chamber Js. flow rate for a supersonic

argon jet: CO 2 jet:
I) 6= O: 2) 6= 5; 3) 6= 8 ram. i) 6= O: 2) 6= 5; 3) 6= 8 ram.

Using this baffling device, we measured the ],ressure Pk as a function of

the gas flow rate q in the jet. Typical curves a'e plotted in Figures 3 and 4

for A and CO 2, respectively. The parameter of the p_ =[(q) curves is a,

the height of the baffle tube. We see that as 6 i mreases, the vacuum in

the charge-exchange chamber is substantially im_ roved, which is attributable

to the gradual screening off of the scattered flm from the nozzle and

possibly to the partial elimination of the scattered flux produced by

interparticle collisions in jet sections near the _ozzle (where it is greatest

because the jet density there is highest). Comparison of the graphs in

Figure I and Figures 3--4 shows that the vacuum measured with an open
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gagewas somewhat poorer in the later experiments, As we were mainly

interested in the relative change of pressure in the charge-exchange

chamber with the elevation of the baffle tube, no special attempts were made

to eliminate this divergence.

The variation of the pressure fh with 5 is plotted in Figure 5 ill the enti_e

range of 5 values for A and CO 2 jets. We see from the figure that for the

largest 5 =Smm, the vacuum recorded with the CO 2 jet is 6.7.10-4N/m 2

and that obtained with the A jet is 1.3.10-4N/m z.

It,. N/rn 2

1"10"2_========

0 2 l, 6 0 _',mm

FIGURE 5. Pressure vs. 6 for A (i)

and CO a (2) jets.

Qualitatively, the trend of these curves can be

characterized as follows. For 6 =0, the ionization

gage collects the three fluxes in their entirety.

As 6 increases (from 0 to 3ram), the particles

scattered from the nozzle at angles close to _r[2

condense on the baffle tube, In the region

5 =3--4ram, p_ drops at a reduced rate, since

for these i_ the particles scattered at the nozzle

do not all reach the gage. The l,hl-2 gage

registers, as before, the scattered flu.-ces fror_

the jet and from the condenser, plus the fractional

flux of the nozzle-scattered particles which reach

the gage after c.olliding with the warm walls.

,Starting with g=Snln_, p_ again drops fairly

steeply, since the flux of nozzle-scattered

particles hits only the cold walls in the gap

between the condenser and the nitrogen baffle, where the particles are

pumped by the baffle or the external surface of the condenser.

As we see from Figure 5 the A curve falls off more steeply than the

CO 2 curve. This is apparently so because the CO 2 molecules have a

greater transverse velocity component than the A atoms, i.e., the scattering

of the CO a jet is higher than that of the A jet.

The amount of gas condensing on the baffle tube determines the "service

life" of the jet, i.e., the time in whi'h, given optimum flow rates, the

vacuum does not deteriorate. For example, with 6=Smm and optimum

flow rates, the A or CO a jets function properly for 30 min without affecting

the vacuum. The clearance in th:" baffle tube progressively diminishes

from 16 to 10ram. Now, if the running time is stretched further, the

condensate layer on the baffle tube becomes inordinately thick, its surface

temperature increases, and full condensation can no longer be expected.

Particle aggregates may moreover be knocked out from the condensate

film which, reaching warm surfaces, have a highly detrimental effect.

Since the effective target th;ekness is the jet diameter" plus the span

of the scattered fluxes, the elimination of the scattered fluxes may require

increased flow rates in the jet. Control experiments concerned with the

target thickness under the new conditions hardly revealed any change in the

charge-exchange curve of /1, 2[, i.e., the percentage of charge exchange

on A and CO 2 jets reached its maximum for the same flow rates q as in

the previous experiments.

Our results thus suggest that the vacuum near supersonic gas jets in a

charge-exchange chamber can be substantially improved by fairly simple

means. This conclusion is highly significant with a view to simplifying the

shielding /2/ between the working volume and the charge-exchange chamber.
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OPTIMAL PARAMETERS OF THE GVL-2

MAGNETIC MACHINE AND SOME FEATURES

OF LOW-TEMPERATURE SOLENOIDS

The magnetic field of the GVL-2 machine /i/ is provided by two solenoids

which are fabricated from ordinary copper wire and cooled to the boiling

point of liquid hydrogen. The geometrical para_neters of these solenoids

are the following: internal and external diamete "s 2al and 2a2 equal to 5 and

21.5cm, respectively; length 2b=22cm. The ptrameters _ and 6, defined

as the ratios _'_ and _ are therefore 4.3 and 4..I, respectively. The choice

of these parameters was mainly determined by the available power supply:

a condenser bank with U(,= 5kV and C0= 1.75.10-ZF and a bank of I00 ear

batteries with a total e.m.f, of nearly 1.2kV ard a short-circuit current

or 1780 A.

Magnetic fields Bof the order of 10T are vi-tually inconceivable under"

continuous-operation conditions in copper coils with an i.d. of 5cm and

reasonable values of _ and 6, even though the c. fils are cooled to liquid

hydrogen point. This immediately follows fron a comparison of the Joule

heat generated in the coils with the maximum a]owed thermal load per unit

area, as determined in /2/.

On the other hand, the experience accumulaled in our laboratory with

long-lived pulsed magnetic fields /3/ suggests :hat the coils with the above

values of a_, a, and _ may provide a field of SO:he 10T with a lifetime of

the order of isec if they are cooled to T=20.4'K. The experiments were

therefore made under adiabatic conditions of sc.lenoid operation. Since a

high magnetic field should be maintained for as long as possible, we had to

decide on optimal coil parameters, i.e., such _hat would ensure a maximum

r for the given _ and B and known power requirements. The solution of this

particular problem proved the approach to be c uite general and suitable for

the choice of optimal a and _ in different solen,)ids: pulsed and continuously

operating, low-temperature and conventional. Some interesting features

of low-temperature solenoids also follow from an inspection of the various

modes of power supply of the GVL-2 magnetic machine. These in short

are the pt'oblem._ discussed in the present pap( r.

I. Under adiabatic conditions, the field B ;rod its lifetime _ are

determined /3/ by the integral of the c-to-@ r_tio (the specific heat and

the electrical resistivity of the coil material, respectively) taken in the

entire range of coil temperature variation. Since at low temperatures

(20--80°K) the electrical resistivity of pure metals (copper, in particular)
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increases rapidlywith rising temperature, the heating AT of the coils clearly

should not exceed a few tens of degrees; otherwise, only a minor fraction

of the energy stored in the power sources will b{" deposited in the magnet c

field. Moreover, the rapid growth of resistance will complicate the

conditions of power supply, especially if a constant or a growing field is

required. Let AT= 32 °K (20--50°K). The resistance of common electrical-

engineering copper increases roughly 5-fold in this temperature interval.

The "cold reserve" of the coil winding is determined, besides AT, als<

by the size of the coil, or simply by the weight of copper. Therefore, in

order to maximize, for the given AT _ T2-- T_, the product B-_in a coil with

an internal radius al, the coil dimensions -- its external diameter and

length --must be increased. Indeed, let us write, for example, the balan_.

of energy in the adiabatic case /3/:

T I

Y_

{1)

where & is a shape factor depending on (_ and [_ as follows:

I . } l+l_:

_1 is the filling ratio, _*o=4rr.lO-TWb/A.m is the magnetic permeability

in vacuum. The other quantities have been defined in the preceding. Fr<m

(1) and (2) we see th:_t by increasing _, we can reach arbitrarily laPg{, B-'T.

An increase of _ for _ > a and a=const is hardly profitabl{', since q

approaches a limit in this case. The ceil size clearly cannot b{, incr-ased

indefinit<,[', k_cpinp_ the internal diameter constant: in each particul:_r case,

the' upp{,r bound is set primarily by the parameters of the pow{'r source.

Our problem is therefore formulated as follows: what should be the shape

of th{ coil to ensure a maximum B_'v for given c(}il volume or weight; or

alternatively, what u and [_should be taken to ensure a maximun_ pulse

length for given B, u,, and AT.

From equation (l) w{" sc{_ that _ itl this case is determin_,d by the square

of the shape factor q. If _lis also known, wc have

where

z,=_¢l'a;+#=; e==l+/l+#_ , (4)

The function x = • {a, [_) is extremized assuming the weight of the conductor

P or the volume of the coil V to be known in advance. Since

P = 2_ {a 2 -- l)a[doq = Fqdo.

where d o is the specific weight of the coil material, we see that

i.e., constant,

(5)

[3(_a-l} P V ___c_, (6)
2na_a_n 2na_
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Treating _ as a function of a and differentieting ¢ with respect to a, we

arrive at the following condition for a maximum of the function T:

( z q/-- 2a d!_:0 (7)-- z_ / a2-11n z:, -

Here z] and z_ are the derivatives of z I and z2 _ ith respect to a. Although this

equation cannot be solved analytically for a or fi, numerical solution can be

obtained without difficulty.

Less accurate, but simpler and more illustrative is the alternative

technique of optimizing a and fi by a direct construction of the • vs. a or

curves, subject to the condition (6). These curves for four values of c..

(16 in curvel, 76.3 in curve2, 128.4 in curve3, and 190 in curve4) are

plotted in Figure 1. The cerresponding weights of copper wire are 8.35,

40, 67.5, and 100kg. The numerical values of ¢ are calculated for B= 10T,

7,

al= 2.5 .10-2 m, T,=20°K, T2=52*K, _1=0.6. The integral -_-dT(J]m4. ohm)
T,

is evaluated taking account of the increase of the resistance of copper in a

magnetic field and is found equal to 2.8.101G. The magnetic field is assumed

/.8

,'.2

O_

J %

/
_-.A'

2 6 6 8 tO a

FIGURE ],

to fall off linearly along the coil radius to ze "o for r =a2. We see from

the figure that the_ vs. acurves with _(a'-- l)=eonst display a fairly

pronounced maximum which is displaced in Lte direction of higher _ as

cl

l_{a a- I_ increases. The ratio -p, however, s remarkably constant at

the maxima of all the curves, being equal ap)roximately to 1.63. The

tl

fact that for' any p(u"-- l)the maximum is att{ined with _-_--1.63 is easily

verified by solving the simultaneous system )f equations

O(a2-- 1) = c_,

--_1.63

and substituting the _ and _ in equation (7).

with fair accuracy.

(8)

This equation is satisfied
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This empirical rule considerably simplifies the determination of the

optimal coil parameters. For example, taking at=2.5cm and Pc,=67.5kg

(_(a2 1)= 110) and applying the equation

a3--a - L.63- 110=0,

we easily find aopt_ 5.7 and therefore _opt _ 3.5.

Another important consequence of condition (6) is that the product W T

(where iV is the power required to provide the field B at the center of the

coil) is constant, being independent of a and 8. Therefore, for the optimal

values of a and _satisfying the condition _(a _- l)= const, the active losses

in the coil are minimal.

There is one additional point which merits consideration. Inour solution,

the role of the low-temperature cooling of the coils is manifested in the

rj

single fact that, for moderately strong magnetic fields, the integral _ dT

in the given temperature interval AT is considerably greater at low

temperatures than at room temperature. B_x is correspondingly larger

at low temperatures. It is clear, however, that the magnitude of the

integral does not affect the position of the maximum T or the minimum W.

Our conclusions therefore remain in force for solenoids operating at

any temperature. The method for the determination of the optimum a

and 13 is moreover valid for continuous-operation solenoids. In this case

we seek the shape of the coil which ensures minimum ohmic losses for a

given field strength or a maximum field strength for a given power.

It has been commonly assumed that Bitter's coil /4] with a=3 and 8=2,

Q

i. '., _-= 1.5, satisfies this condition. If, however, we take the a andl_

from equations (8) with c,= 16 and substitute the results in the expression

for the shape factor aj ]4/

we easily find G_--_0.180, whereas with a=3 and 1_=2, G_0.179. According

to Bitter, this (J_ is the maximum for solenoids with constant current density

over the cross section. We verified, and it is proved analytically, that the

tl

maximum Gl occurs for _= 1.63 in this case also. The difference in 6t

values is insignificant and hardly deserves to be mentioned.

It is interesting to consider to what extent the condition _(a 2- I) = const

is general and necessary. We have shown that for pulsed-operation coils,

knowledge of _(a 2- I)is decisive in obtaining the desired B_'_. It also seems

that in most other eases, having selected aland Bfrom physical

considerations, we may wish to find the optimal parameters for coils of

different volumes. For example, if a_= 10era, the volume of Bitter's coil

(a=3, _=2) is about 0.1 m 3. Note that the true aop _and llopt for I_( a_-l)=16

are _3.1 and _1.9, respectively. Making use of(8), we find these optimal

parameters without difficulty. All this substantially simplifies the choice

of coil shape in various particular cases.
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2. Whilethemaximum_for givenmagneticf elds B is attained by

appropriately choosing the shape of the coil, the Undamental problem of

generating the field B with the available power soarces in turn depends on

the choice of optimal coil geometry. We have alleady mentioned that

our power supply was highly limited, and we therefore had to select a

winding which would meet the following basic req lirements:

(a) the field in the magnetic mirrors is not less than 10T;

(b) the lifetime of this field is of the order of 1 sec.

The active resistance of clean low-temperature solenoids is

characteristically a very small fraction of the resistance of wires of the

same cross section at room temperature, The ratio of the coil inductance

L to its ohmic resistance R, which in coils of any given shape is independent

of wire cross section or the number of turns, varying only with the electrical

resistivity Qof the coil material, is therefore very large in this case.

The resulting effect in capacitive circuits or in circuits with d.c. sources

will emerge from our analysis of the GVL-2 machine coils, which require

2.08 .106 ampereturns (with a filling ratio _1= 0.6) to provide a magnetic

field of 10T at the center.

Calculations with familiar relations show that our condenser bank with

T
a discharge halfperiod _-=2--3sec cannot produce magnetic fields B

greater than 7--8T, wbicb is obviously at variar_ce with condition {a) above.

These calculations, as well as those which follow, take account of the

increase of coil resistance with increasing curr_ nt due to liberation of

Joule heat and the effect of the magnetic field.

Car battery is effectively used if the growth t me of the magnetic field

to a prescribed level is less than the coil heatin_ time. The current growth

time in a circuit with an inductance and a resistance, supplied by a d.c.

source, is given by the familiar relation

where L n and R, are the lumped inductances and -esistances of the circuit,

l0 the maxtmum current through the circuit, I th_ current intensity under

consideration. The time t_ should therefore be less than the time v_in

which the coil heats up and the resistance incre_ ses to such an extent as

to suppress the current before the field has rein hed the prescribed strength.

Three different operating modes were consid _red in choosing the coil

windings for the GVL-2 machine:

(1) The coil resistance Rc is substantially greater than the internal

resistance of the source Rs(Rc)>Rs), which in ouc case was close to 0.7ohm.

For continuous-operation coils, this represents a gain of energy at low

temperatures;

(2) Rc=Rs; the power of the car battery is utilized most effectively,

and, if the coils are not heated, the maximum f eld is attained;

(3) Re< Rs(the case chosen by us); when the _oils heat, ReaRs, so

that maximum power can be fed into the coils, thus offsetting the growth

of resistance.
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Figure2 plotsthecalculatedfields vs. timecurvesfor coils of identical
shape(aL= 2.5cm, (*=4.3,p=4.5)withwindingsrepresentingthethree
casesabove. Theordinategivesthefield strength(in T) at thecenterof
oneof theseries-connectedcoils, theabscissamarksthetime in sec{}nds.
For'curve1,Re= 10Rs(7ohm), L=52.2H; for curve 2, Rc=Rs(O.7ohm)

and L=5.22H; for curve 3, Rc =0.3 Rs(0.21ohm) and L=I.6H.

We see from the figure that under adiabatic conditions our power source

(a bank of car batteries with ane.m.f, of 1200V) provides the best

approximation to the above conditions with coils having R c < R s. The

maximum field for Rc =0.3RsisBmax = 11.75T with a lifetime of T= 1.35 see.

Coils with Re -Rsare somewhat inferior for our purposes, since the

maximum field in this case is 9.6T. Moreover, the equality Re ='-Rsdoes

not help much, since the coil resistance will have increased considerably

by the time the peak current is attained (in our case, a 6-fold increase in

resistance is observed). Finally, withRc>> Rs, the field provided by heating

coils grows much too slowly, and with Rc = 10Rs the peak field strength is

a mere 6.15T.

B,T

P

7: /
j'/

5.0 /_I /

25_, /

"3

/f

I 2 3 _ t, sec

FIGL[_E 2. FIGURE 3

C8

The case R c < Rsensures a magnetic field of desired strength for a period

which is fairly long in relation to any process in the plasma.

On the basis of our calculations, the coils of the GVL-2 machine were

fabricated from PBD-grade copper wire 1.81mm in diameter. Number of

turns in each coil N=4280, resistance at T =20.4°K 0.105ohm, and

calculated inductance L=0.SH. The coils were coupled in series.

The field strength and its lifetime can be both increased by using the

two power sources simultaneously, as shown by the circuit in Figure 3.

The circuit functions as follows: the condenser bank C is discharged

through the coils L and in approximately 0.2 see the field rises to _10T.

After the discharge, field growth is sustained fox" some time by the

car battery CB which energizes the coil through the closed switch K

and the diode B_. When Bmax is attained, the switch K is opened and the

energy stored in the coils is dissipated in the resistor R: the growing

negative voltage across the coil triggers the diode g._.

Among the advantages of this circuit we should mention the fact that

a comparatively low power battery is required to reach fields of 10 T.
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Wehaveexperimentedwithmagneticfields _eneratedonlyby a single

condenser bank. The maximum field strength vas _ 10.5T. The time

FIGURE 4.

variation of the field strength B is displayed b_. the oscillogran_ in Figure 4

(the abscissa markings corresl)ond to 0.I sec intervals).
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LOW-TEMPERATURE STRENGTH OF METAI S

UNDER PULSED LOAD

It has been shown /1/ that in coils providin_ pulsed magnetic fields the

coil material is subjected to brief load pulses. In this paper we present

the results of our measurements on the streng h of aluminum wire

3.1-10-4m in diameter with pulse lengths r=0._.10-4sec, at temperatures

of 293, 77, and 20°K, and the resistance increment of copper wire observed

with toads of different magnitude and different repetitiveness.

Experimental results and comparison with pub ished data

The strength of a]uminum under pulsed load was studied on a setup

described in /i/. We measured the temperature dependence of th(, impact

strength _, and the variation of strength (_, with the number of pulses.
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Theresultsobtainedfor the impactstrengtha_aregivenin Table1
andFigure1. In theTable, T is the initial temperature, j the current

density, T_ the temperature toward the end of the pulse, assuming an

adiabatic process, 6 the difference in loop lengths before and after breaking,

related to the initial length.

TABLE 1

°1 ' 10--7' [' 10--9P Tt,r. °K NA_2 a, % A/rn 2 °K

29322,211o. i,.95177 53.3 14.6 4.52 855

20 59.6 14.8 5.25 32

TABLE 2

e n 1o--7 , N/m 2

293OK 20_K

2 I 22 59.5

10 ] 17.3 39.6

50 9,6 29.7

100 258
190 "Z.7 23.8

We see from the above results that the o_ and 6 both increase as the

temperature decreases.

The measurements were made at 77 and 20 °K; Figure 1 gives the values

of o_ at 85 and 32 °K, since we took account of specimen heating toward

the end of the pulse.

6.10"

5O

25

NAn 2

6 n 10,7N/m 2

f
0 200 _0 T.°K 0 025 0.50

F[GURE 1. Strength aj vs. temperature. FIGURE 2. c. vs. the number of pulses:

l) T = 293°K; 2) T= 20 °K.

The values of o_ for various n and T are listed in Table 2.

In static tests ]2, 3, 4/, the strength of aluminum increases approximately

by a factor of 2--3.5 as temperature drops from 77 to 20°K, while under

pulsed conditions, the strength increases mainly as the temperature is

lowered from 293 to 77 °K: further reduction of temperature to 20 °K has

a negligible effect. Figure 2 pIots the strength under pulsed load at liquid

hydrogen point; the values obtained for T=77°K are marked by dots.

Table 3 compares our data with the published results /2, 3, 4[.
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We see from Table 3 that the impact, strengtt" under nonrepeating load,

_, is almost 1.5--2 times as great as the figure obtained in static tests.

The strtngth obtained for mu]tiple pulsed loading by extrapolating n--+ co

is somewhat lens than the static figure.

FABI F ?,

l csts

Static ......

Static ......

Static ......

Pulsed
1

o I0 "7, N/m 2

29:{ °K 77 °K :20

12 21 3

14 2d

12 22

7.5 _0

22.2 5:_.:3

References

/2/

4 I3/

4 /4/

:2

This work

595

"i't) obtain tht' rt_sidual (h,fornqation of copper we also measurud the

rt,lativ(, rt,sistance increment of the specimens as a function of the number

of pulses for var!ous loads and pulse ](.ngths (,::0,8-10 -4 and 2 -lO-asec).

_R

O.Ot5
/2

/"
/

{101 o 1

o

0.005 o o _ j

O tO 20 n

AR
FIGURI: _.. _- vs. number of pulses, _= 0,8'10-4sec:

a -- i) ,,= .9.7.107N/hi_;2) ....ILS'I0_N/m_; b --

/

/
>,

J

2O n
b

3) o: 2, .2.107N/m2; 4) _: 36.3.107N/m2;

_)o = 4_.].b]N/m_: 6). = :3:_.).10 TN/m_; 7) o= 58.2.10 7N/m2; 8. o= 72.6 .107 N/m2; 9) -: 77.1.107N/m 2.

The resistance was determined potentiometr ('ally. The measurements

w( re carmed out at T=20°K for PEV-2 copper wire 2.10-4m in diameter.

Thv rt.sistanv(' changed 100-fold as the temperature dropped from room

temprraturt' to the liquid hydrogen point.
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AR
We plotted the relative increment _- (AR =R,-- R, where Rn is the

resistance after the n-th pulse, R the initial resistance at the liquid hydrogen

point) as a function of the number of pulses for various loads and different

pulse lengths (T=0.8.10 -4 and 2.10-3see). We see from Figure. 3, a,b and

Figure 4 that _- increases with increasing load magnitude and with the

number and length of pulses.

RI
- /I0

kR number of pulses, "_ ') .10"3sec:
FIGURE 4. _- vs. =

1) a =14.3 '10v N/m2; 2) o=15.4"107N/m2;
3) o-- 20.G-10rN/m2; 4) _- 28._'10_N/mZ;

5) o-- 32,e_.107N/m2; 6) a: 36.8 .107 Nf_n2;

7) _ : 38.10rN/m z.

2

f

/
1

j
o 5O

_R vs
FIGURE 5, _ . u,'[= 0.8.10"4sec:

1) n = 2; 2) n = 5; ._) n = 8; 4) n = 20.

t00 _7, a/re'

_R

2

0 25 50_ _7 N/m,

AR
FIGURE G. _- vs. _, _= 2'10"Ssec:

1) _=n._, 2) r*=5: 3t n=g: 4_ r_= 20.
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5R
FromourdataweplottedT asafunctionof _fr,r variousn(Figures

5 and 6). We see frBm the figures that for a= 14.5 10-TN/m 2 the resistance

increment does not exceed 0.01%; to o= 20--30 -10-'_N/m 2 (T=2.10-Bsec)

and a= 30--40 .10-TN/m 2 (T= 0.8 .10-4 sec), the res:stance increment does

not exceed 30--40%; starting with a= 50 .10-TN/m 2, the resistance increases

substantially. Low-load conditions are therefore preferable for coils which

are required to function far a long time.

BIBLIOGRAPHY

1. BOROVIK.E.S., M.Sh. MANIEDOV, and V.G.VOLOTSKAYA.--FMM, in print.

2. KOSTENETS, V.I.--ZhTF, 16 (5):515. 1946.

3. GINDIN,I.A., V.I.KOTKEVICH, andYa. D. STARODUBOV.--FMNI, '_(8): 794. 1959.

4. McCAMMON, R,D. and H.M.ROSENBERG.--Proc. Roy. Soc., 242: 20L 1956.

V. M. Lunev

SYNTHETIC ZEOLITES FOR THE PEODUCTION

OF CLEAN VACUUM

Purity requirements in experimental work have 'ately become quite

stringe_t. Special vacuum pumps have been developed which do not employ

any contaminating fluids, and are thus suitable for _roducing comparatively

clean, uncontaminated vacuum. Under this category we have the ionic

sorption pumps, condensation pumps, adsorption pimps, etc. /1--4/.

The adsorption method of pumping is based on the ability of a porous

sub stance, e.g., coal, to absorb large quantities ot gases at low temperature,

thus creating low pressures in the manifold. FinelT porous silica gel

and natural zeolites--faujasite, chabazite, etc. -- _re also suitable for

this purpose. The application of synthetic zeolites, whose absorbing power

is much superior to that of their natural a,,alogs, slauld also be explored.

Zeolites make it possible to create clean vacuum, _nd also provide high-

purity forevacuum for other noncontaminating pumps which require

preliminary evacuation.

Data have been published on zeolite adsorptivities in the range of high

pressures only (from 13,332 to 101,323N/m 2) /5--7/; hardly any data are

available on low-pressure adsorption.

In this paper, we describe some experiments which have been staged

to determine the adsorbing power of zeolites in the range of low pressures

(at T=77.5°K) and to explore the possibilities of zeMite application for

the" production of clean vacuum.
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Structure of zeolites

The tetrahedral anion St04, with four oxygens surrounding a silicon, is

the basic structural unit of zeolites. Silicon can be replaced with aluminum,

having a similar ionic radius. The lower valence of the aluminum ion

leaves one negative charge uncompensated. In alumosilicate tetrahedra,

part of the SiO 4 groups are replaced with A104 groups. Eight tetrahedra

join vertex to vertex to form a cuboctahedron, enclosing comparatively

large free interstices. Separate cuboctahedra are joined by oxygen bridges.

Lattices of these composite anion radicals carry a certain net negative

charge, and the structure therefore contains interstitial metal ions

compensating the residual charge of the anionic lattice. The porous

structure of the zeolites can be visualized as molecule-sized interstices

of nearly spherical shape, These interstices communicate by narrow

apertures or windows.

Type A zeolites contain large interstices with a diameter of 1.14 .10-gin

and windows w'__ieh, aecordin_ to X-ray data /8[, measure 4.2 .10-1°rn in

diameter; there are also small interstices 6.6.10-1°m in diameter with

windows 2.5.10-1°m in diameter'.

Type X zeolites contain large interstices 1.16.10-9m in diameter and

windows (8 --9) .10 -1° m in diameter.

The large interstices are the vacancies between nearby cuboctahedra

and the joining oxygen bridges. In type A zeolites, the cuboctahedra are

joined by four-membered oxygen bridges, and in type X zeolites by six-

membered oxygen bridges. The main difference between A and X zeolites

is thus the size of the communicating windows.

Window diameters are not precisely equal to the results obtained in

X-ray analysis; they depend on the nature of the ion-exchanging cation

(mostly Ca 2+ or Na _+) in the alumosilicate lattice of the zeolite.

Zeolites are characterized by highly selective adsorption properties:

a molecule of a certain species either will or will not pass through the

window in the zeolite lattice. We thus have here a characteristic

molecular-sieve effect. A distinctive feature of zeolites is that the fields

set up by the opposite walls in the adsorbing interstices overlap, so that the

adsorption potentials rise and the adsorptivity increases considerably.

This effect is particularly pronounced at low concentrations of the adsorbate.

In technology, zeolites are used in granular form, as crystalline powders

with some binding agent added. The zeolite granules should possess

sufficient mechanical strength to resist crushing and rubbing.

To sum up, the main properties of zeolites are the following:

(a) regular primary porous structure which is not affected by dehydration;

(b) nearly spherical interstices communicating by regular windows;

(c) highly pronounced molecular-sieve properties;

(d) an increase of the adsorption potentials in the interstices on account

of the overlapping of the fields set up by the opposite walls.

Some 70 species of various zeolites have been synthesized by now, and

four species are produced on a regular commercial scale; these are NaA,

NaX, CaA, and CaX which are characterized by the following sieve window

diameters: NaA 4 .10 -1°, NaX 1.3.10-9m, CaA 5.10-1°m, CaX 1 .10-gin.
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Adsorption characteristics of zeolites

The pressure dependence of adsorptivity is the principal characteristic

of zeolites which decides the question of their aPFlicability, or otherwise,

for the binding of gases in closed systems. This dependence can be

inferred from gas adsorption isotherms in a wide range of pressures at

constant temperature.

Adsorption isotherms of the gases N 2, A, H 2 were plotted for the zeolites

NaA, NaX, CaA, CaX in the range of pressures from 1.333 .10 -3 to

13,332N/m 2 at the liquid notrogen point. These cata enabled us to choose

the optimal zeolite for the production of low pressures, and to determine

the total quantity of adsorbed gas. This total adsorption sets a limit to

the service life of the zeolite pump.

The zeolites were synthesized at the Khar'kov NIOKhIM;'.:. The CaA

zeolite was additionally procured from Groznyi.

To vac uu_l

I

. 7 G 8 5. 9

TO vacuum

FIGURE 1. Schematic diagram of the setup for plotting the adsorption isothern_s

by the volmnetrie method:

1) high-vacuum titanium pump; 2) zeolite granules; :_) liquid nitrogen; 4) quartz

flask; 5) volumetric container; 6, 7, 8, 10, 11) metalli, valves; 9}leak.

Montmorillonite clays were mainly used as binding agents, but different

zeolites contained different binders in amounts _Jf 10--15%. The zeolites

used in our experiments contained the following binders in crystalline

powder form:

(a) CaA synthesized at NIOKhlM with Pyzhex bentonite as binder;

(b) CaX with Latnaya clay (NIOKhlM);

(c) NaA with NaaSiO a (NIOKhlM);

(d) NaA with Khar'kov bentonite (NIOKhlM);

(e) NaX with Askaniya clay (NIOKhlM).

The adsorption isotherms were plotted by th,_ volumetric method using

the setup depicted schematically in Figure 1. 2eolite granules 2 were

placed between the internal wall of a quartz flask 4 and a cylindrical grid.

The quartz flask was immersed in a container xrith liquid nitrogen. The

adsorbent-containing volume communicated thr)ugh valves 6, 7 with a

volumetric container 5 and a high-vacuum titan um pump 1; separate

forepumping was provided.

[ Nauchno-lssledovatel'skii Institut Osnovnoi Khimii - Scientific R( search Institute of Basic Chemistry.]
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The artificial zeolite granules c(mtain a large amount of adsorbed water'.

The low di_charKe capacity of the valves is an obstruction to rapid evacuation

in the first stages. The bulk of gas (luring regeneration was therefore

rerncwc'd by forcpumping; the valve between the adsorbent volume and the

highovacuum titanium pump was then opened and regeneration was carried

oul at a pressure of 1.333.10-2N/m 2 and temperature of 588°K. The

curves in Figure 2 plot the variation of pressure and temperature during

rc_e,-leration. The regeneration of freshly prepared zeolite took about three

houi's. _ep_.ated re_oneration after adsorption tests was much faster, and

could he performed ut pres._ur{,s not exceeding 1.333 .10-2--6.666.10-aN/m 2.

fl, N/m 2

1102 _ _ --

HOo

I rO "f

s I0 _

rj_

6O0

500

aO0

F[GURE 2. Time variation of regeneration.

After regeneration, the gas is admitted into the volumetric container 5,

and valve 6 is opened t, permit contact with the adsorbent. When adsorption

appears to have stopped, a pressure reading is taken. By admitting various

gas portions, we covered the entire pressure range from 13,332 N/m 2 to

1.333.10-'_N/m 2 and obtained the pressure dependence of the quantity of

adsorbed gas. Adsorption isotherms were plotted from these data. The

measurements were made simultaneously with mercury, thermocouple,

and ionization pressure gages. The equilibrium takes a fairly long time

to achieve, since internal diffusion is of decisive significance here.

O:)servations of the adsorption process in the zeolites CaA, CaX, and NaX

showed that the bulk of the gas was adsorbed in th t, first 2--3 rain. The

subsequent lengthy process occurs at a low pressure, and its quantitative

contribution to overall adsorption is slight: it mainly reflects the dynamics

of ecluilibrium. The poor adsorptivity of the zeolite NaA is connected with

the very long time to equilibrium, which could not be realized in practice
in our tests.

The adsorption quantity was calculated in m a of gas reduced to standard

conditions (273°K, 101,323N/m2), per 1 k[ of hydrated zeolite. The

elimination of water of crystallization in regeneration reduced the weight

of th(' granules by 25%. The zeolite granub_s also contain a binder, which

accounts for 10--15% of the weight. This point must be taken into

c(msideration when the adsorptivity of the granules is compared with that

of pure dehydrated crystals.
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We see from Figure 3 that nitrogen is prefer'ably adsorbed by CaA

zeolites synthesized in Groznyi and at NIOKhIM. Zeolites of one grade

fabricated in different places, under coneeivabTy different conditions,

possess different adsorptivities.

Unlike CaA, the zeolite NaA adsorbs nitrogen much less vigorously,

since despite the geometrical accessibility of tlle NaA pores (window

diameter 4.10-1°m) for nitrogen molecules (3. 0-1°m in diameter), the rate

of sorption was very low on account of the low emperature maintained

during the tests.

_, mS/kg
O, rnSA_

1.10t

"'°< 7 ;!""
i.iO'J f,#[ p_ 1

1.10-* _ / _

,.,d6 I/" Hdq__
,.,03t._o_ p.,O",4001-I0'1-1021._ ,0'o. N/re'

FIGURE 3. Adsorption isotherms of nitrogen

(at 77.50K) for zeolites of various grades:

1) NaA(glass); 2) NaA (Khar'kov bentonite);

3) silica gel; 4) NaX; 5) CaX; 6) CaA

(NIOKhIM); 7) CaA (Groznyi).

1.10-3 r.lO"2 1.10"1 1400 NO' I'lO2 11031).N,'m l

FIGURE 4. Adsorption isotherms of argon

(at 77.5°K) for zeolites of various grades'.

1) NaA (glass): 2) NaA (Khar'kov bentonite);
:3) CaX; I) NaX; ;5) CaA (NIOKhlM).
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FIGURE 5. Adsorption isotherms of hydrogen

(at 77.;5°K) for zeolites of various grades:

l) NaX; 2) NaA (glass); :3) CaX; 4) NaA

(Khar'kov bentonite); ;5) CaA (NIOKhIM).
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FIGURE 6. Adsorption isotherms of nitrogen, argon,

and hydrog ;n for the zeolite CaA (at 77.g °K):

l) CaA fro m Groznyi, nitrogen; 2) CaA from

NIOKhlM, nitrogen; 3) silica gel, nitrogen;

4) CaA (NI,)KhIM), argon; 5) CaA(NIOKhIMJ,

hydrogen.

We see that at any pressure the adsorption _f nitrogen decreases in

the following sequence: CaA> NaX> CaX> Na/,.

Figure 3 also gives the adsorption isotherr_ of nitrogen by silica gel.

Inspection of the curves shows that at low pre_, sures silica gel is inferior

to the zeolite CaA as far as nitrogen adsorption is concerned.

The same general trend is observed for arL'o_ (Figure 4). The difference

in adsorption between low and high pressures :s considerably greater in

argon than in nitrogen.
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Adsorption of hydrogen is small regardless of the particular zeolite

employed, and is approximately equal to 5.10-3m3/kg at 133.32N/m 2

(Figure 5), t';ffective adsorption of hydrog_.n molecul_.s under these

conditions is precluded, since their critical temperature is lower than

th( t(,mp('t'aluF(, maint::inod in our adsorption tests.

The zeolite NaA with Khar_kov bentonite as the binder has a higher

adsorptivJty than the _ame zeolite doped with NaaSiO a.

Comparison of the adsorption of nitrogen, argon, and hydrogen by our

specimens suggests that CaA is the optimal zeolite for tht creation of

low prcs,sures; further exp('riments under controlled conditions arc, indicated.

f;'igur(' 6 gives th(' adsorption isotherms of Na, A, It 2 at 7"=77.5°K.

The adsorptivity of the zeolite CaA decreases in the following order:

N 2 > A > It 2.

Comparison of the capacity of the various zeolites for gas molecules

at low pressures and temperatures leads to the conclusion that the best

of the zeolites used in our tests are superior to all the conventional

adsorbents, except coal, as far as atmospheric gases are concerned.

The adsorptivity of BAU-grade coal /3/ is greater by a factor of 1.5--2

than the ad:_orptivities of the best zeolites in our tests, The zeolites,

however, cannot explode, unlike coal; they do not give off as much dust,

and in gen(,cal tht'y are mechanically stronger. The application of coal

may contaminate the vacuum manifold with carbon, which is sometimes

undesirable.

Studies are under way, aimed at a synthesis of new zeolites whose low-

pressure adsorptiviti(,s will exceed those of coal and of hitherto synthesized

zeolites.
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Section Ten

PLASMA DIAGNOS TICS

I.A. Akhiezer, I.A. Daneliya, and N.L. Tsintsacze

A CONTRIBUTION

AND SCATTERING

NONEQUILIBRIUM

TO TIlE TtIEORY OF TRANSFORMATION

OF ELECTROMAGNETIC k_AVES IN A

PLASMA

Different modes of weakly damped oscillatioqs may propagate in a plasma:

isothermal plasma sustains transverse and high-frequency longitudinal

(l,angmuir) waves, nonisothermal plasma propagates low-freque_cy acoustic,

waves as well. On account of fluctuations, different wave modes are

invariably present in a real plasma; in a state _,f thermodynamic eauilibrium,

their amplitude is determined by the temperature of the plasma (we shall

use the term "fluctuation waves" to describe th_se modes).

In a nonequilibrium plasma, the amplitudes of the fluctuation waves (:an

be found if the distribution functions of the particles of the plasma are known

]1, 2, 3[. Plasmas may also propagate waves excited by external sorrces,

which we call extraneous.

The equations describing a plasma are inherently nonlinear, and this

nonlinearity leads to an interaction between the waves 2_nd causes s<'_!t_,rin_
and conversion of some wave modes into other modes. There is an

extensive literature dealing with the scattering and transformation of

extraneous waves (see, e.g., /4, 2, 5/). Equilibrium and nonequilibrium

plasmas are considered in connection with these subjects, but the state

of the plasma is always assumed to be fairly far from instability.

It has been recently established /6, 7] that 1he fluctuations in a plasma

grow rapidly near the instability threshold. Tire coefficients of scattering

of the transverse waves therefore become anoraalously large /6/, a

[_henomenon analogous to critical epaleseence. The coefficients of

scattering in interactions of longitudinal wave :nodes should also be very

high. One of the aims of the present paper is o investigate the scattering

of an extraneous longitudinaI wave, as well as its conversion into a

transverse wave by critical plasma fluctuation ;.

Another characteristic effect observed in a nonequilibrium plasma is

the spontaneous "glow" connected with the cam ersion of two longitudinal

fluctuation waves into a transverse wave. (In m equilibrium plasma, only

IRayleigh radiation is emitted, since the additi(,nal effect resulting from

mode interaction vanishes in virtue of the deta led balance.) We shall

find the intensity of this spontaneous glow (whi-,h in some cases is

anomalously high) for plasmas fairly far from instability.
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Intensity_, of secondary wave

Let us first find the arnplitude of the secondary wave produced by the

interaction of two waves propagating in a plasma. We shall start with the

complete set of equations describing a plasma: the Boltzmann kinetic

equation for particles of each specie_ _nd Maxwell's equations. Assuming

small amplitudes for the interacting waves and series-expanding the particle

distribution functions and the electric and magnetic fields in terms of these

amplitudes, we obtain for _z-th order terms

I [vH(_l) o(_'1 ] V_)/I; '' r '"' 'E(_) _F _£ _fOa =
m a

,t'=i

I.O, .' _ 'DE(n) _2 [= T Ot -i- e¢_ v/_ldv,

a

div E _1 = 4_ e_, f_, dr, (2)

a

rotE"'= I c) H_ H(,.- -c- })t ; div = 0,

v:here f,, is the distribution function of particles of the speciesu, having

the mass m,, and the charge e,,; E and H are the eh,ctric and the magnetic

fields. The non-l/near effect of wave interaction is obviously represented

by tern!s entering the right-hand sides of the kinetic equations (1).

Solving (1), (2) for the particular case when the two primary waves are

]ongitudinal, we obl_in an expression for the field of the secondary wave,

U, "_tk, c,,I .... iD. (k, (,_) C ak,d ....
.] (2_1, C/(k_,o_; k--kx, o_--oh)..

× _Ol(k:, oOq IJl(k - k_, oJ ("l_, (3)

v:here _/'(k, _J)= _kE(:)(k, 0)) is the potential in the field of the primary wave,

,x

for a transverse secondary wave the tensor D has the form

_ kzk/ c2t¢ 2 --1IJblk,ol = ( .-- lx;- - ¢ Ik,,,,) . (5)

and for a longitudinal secondary wave

D,_(k, _) = -- _-- , , 0)))-I (6)

(e_ ,e t are the longitudinal and the transverse permittivities of the plasma).

The intensity of scattering and transformation of waves will be described

in terms of the change in the square of the amplitude of the secondary wave

in unit time, Z:

X=dy
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(thesymbol< ... >denotesaveragingoverfluctuatLons).
Let usfirst dealwiththecaseof twolongitudinalwavesinteractingto

producea transversewave. For collisionof twofluctuationwaves,we
havefrom (3)and(5)

d v = U (k)_)_,

_ _ c2k 2 _ dktd°_L

U (k) = W j _ IkC (k_, _,; k -- k_, ,,:.-- ,oO] _ :< (8)

X _.q_2> k,,_ t <CD2_. k--k,, tO---_,*

where -/q,_:>k._, is the Fourier component of the potential correlation function

<q2>k_ = ! drdt exp {-- ikr + icot} <_ (r + ro, t + tol q_(ro, to)

and 9- 2 = 4._e 2 n,__ is the square of the electron plasma frequency. In deriving
m

(8), we made use of the fact that, without higher correlations, the four-

correlation function is representable in the form ((_ 2_ to=, :/ 0)

<.q_ (kl, tot} q_(ks, to2) _* (ka, to3) qp* (k4, to_ > =

= (2_p <q_-'> k,_, <._2> k,... {_ (kt -- k._) 5 (to -- o3) ×

× 6 (k_ -- k,) 6 (_2 -- ¢o4) + 8 (kt -- k4) ¢5(tox -- to;) 6 (ks -- ks) 6(_ -- ¢%)}.

If one of the colliding waves is extraneous (_(_(r, t) = %e 'k_r .... q, then for

the conversion ratio

we find

_Z
do _ --

I Eoi_

CIo (,i.z _[_ c:k_. 2 lk

16kmko [kCtko, too; k--ko, to--toot] 2 <q: "k--k ...... +_-a) (9)

Let us now consider the case of a longitudinal secondary wave. For the

collision of two fluctuation waves, we have from (_) and (6)

dk

dZ = U (k) _, ;

l i O J--2 _dk:d_h (lo)

In the collision of a fluctuation wave with an ex:raneous wave we have

for d_

t' _-0 e_(k ' to) -: (kC) ko, 12ap'dk
da = 12#ko COo;k -- ko, co -- ¢Oo))'_ < ¢F'2> k--k....... ( 1 1)

In conclusion of this section we give an expres don for the function C in

the collision of a high-frequency(c0t _ 9-), and a low-frequency (c% _< _) wave.

From (4),

e' 9 _'k (12)
C(kt, co_, ki, to_) = _ too, + co_) "

where T, is the electron temperature of the plasma.
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Transformation and scattering of waves in a plasma
with net electron drift

Let us consider scattering and transformation of waves in a nonisothermal

plasma with electrons moving relative to the ions. We shall particularly

be concerned with the case of critical fluctuations, when the drift velocity

u of the electrons is close to the phase velocity of a two-temperature sound,

s = M being the mass of the ion. The singularity attributable to

critical fluctuations occurs in this case in the term corresponding to the

propagation of acoustic waves, in the expression for the potential correlator
/6, 7/:

2 (2_) _ [Te_q)2

"<_'_:> q"' _2tn (_o-- qu) 6 (°_2-- q_sg (13)

Substituting (13) and (12) in (9), we find for the coefficient of conversion

of an extraneous Langmuir wave into a transverse wave

n'e_(qs)2 Ikk°]_"6 ".__ 2 * dk (14)
da 2_rz_A_ -- qu i k*k_ (A(o q S ) (2np'

3

where ho_ = I/Q_ + c'_k2-- _ -- k0u -- _ Q (akor_ is the change in frequency and

q = k -- k0 is the change in wave vector due to transformation (a being the

electron Debye radius). It is easily seen that for qu-_ ± qs, the coefficient

preceding the delta-function in the expression for Jo is anomalously large.

Integrating (14) with respect to the magnitude of the vector k, we can

find the coefficient of conversion of Langmuir waves into transverse waves

propagating in unit solid angle. For u _ s and sin 00 (< 1, we have

do e_k.o¢.]

ao - 16_m_ f(%' 0), (15)

where

I sin_O f- /

/sin_O [f*/ u
_-(1 + _- cosO0t

(Here and in what follows O, 0o are the angles between the vectors k, ko and
da

the vector u.) It is easily seen that _-is anomalously large when 1 ± _coseo_<

fis 2

<< _-% cos 0. Note that this condition imposes very rigid restrictions on the

angle 0o and the ratio
$ •

Let us calculate the amplitude increment, in unit time, of the transverse

waves generated when Langmuir fluctuation waves are scattered and

transformed by criticaI fluctuations. Seeing that the term representing

Langmuir waves in the expression for the potential correIator is ]1, 2, 3/

<(D2:> L 2 (2n) 2 _T e
. ,_, q, - 6 (_o2_ f_2_ 3f_2a2q2) ( 16)
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(_ =:¢_--qu is the frequency in the frame of refer_,nce where the electrons

are at rest) and applying relations (8), (12), (13), we find

U (k) -= e_T'_n----T-i' dk,doh -I-k-k_l'_k2k_,a_' rq_)_-qul_×6 (Ao}2-- q2s=)_ {Io), -- k,.I _ -- g_-').
(17)

where A{,_=l,r_- )2+c2k 2-ol and q=k--k.

It is easily seen that the function U(k) approaches infinity for u _ s, if

cos 0 --_. The coefficient of the resonance factor (-_T--Ku) can be

estimated by integrating equation (17) with respect tok_ up to lq :=_-_, where

a is a quantity equal in its order of magnitude to a few Debye lengths. Then

e_T sin a b c'-'k _ . [-t

u{k)=--_.---_-_ul . (18)
it_aa *- I

Note that according to (15) and (18) the radiat on from the plasma due

to the conversion of a Langmuir wave (fluctuation or extraneous) into a

transverse wave is anornalously large in the lon_;-wave Pcgion only, where
(.._u

Let us nov,' consider the scattering of Langmuir waves by sound waves,

generating secondary Langmuir waves. Applyin,_ (11), (12), (13), we find

for the coefficient of scattering

da = _:_e" {qs}_ cos'-' 06 (A{,}e ,tk

where A(,) =-_-L}a2lk a- k_)+qu is the change in freqmney on scattering and 0

is the scattering angle (the angle between the vectors k. and k). Integrating

da is infinite
do with respect to the magnitude of the vector k, we see thats_,,

when

s . 0_2icosO--cosOo) = = 2 T sm T) • (20)

d,

Near the directions specified by relation (20), _, has the form

0 cos. O i u cos{l_ 4- 3_a-",. 1-1
do e2k_ sin-,f 2

(21)

Transformation of waves in a plasma with a bea:n

Let us consider the transformation of waves :n a plasma with a beam.

The most important case is when the velocity of the beam is close to the

critical velocity for which the Langmuir waves with a wave vector equal

to the change in the wave vector on scattering b{ come unstable. The
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potential correlation function in this case contains a term /7/*

_'q,_D L,,l 2[2:ll2Q2rl5((.____2_), (22)

which may be anomalously large, tlere _ = _2 + 393 (.q): -- (QP.D2 m _.)_= 1_e-',q
q_TI " m '

u, T,, and nl arc the mean velocity, temperature, and density of the beans

(to avoid ambiguity, a hot beam is assumed).

Let us first deal with the "glow" resulting from the conversion of two

longitudinal fluctuation waves into a transverse wave. This "glow" is

attributable to processes of two kinds: mutual scattering of two Langmuir

waves and scattering of a Langmuir wave by low-frequency fluctuations.

In the low-frequency region(_( ql/_fi, the correlation function of
?

potential fluctuations is /1, 2, 3/

._-_,> D T* (2_:al'/' (23)
_- ,v_,= _T,,q_/ '

where T is the temperature of the plasma. Substituting this expression in

(8) and applying (12), we find

U ° (k) _ 0 4 e2_2T_ t_dkt Ikk,l: 6(a,_ _l_.t)
• m _ k_k_ Q_I -- ktu '

(24)

, l)where the integral is taken in the regionik_u] <_1_,(1 -- ; Ais a large

parameter characterizing the maximum permissible amplitude of critical

fluctuations (this "cutoff" parameter may be determined only in the frame-

work of the nonlinear theory). From (24) we see that transformation

produces long-wa_e transverse radiation, k(< t_ Taking ck mr ';.
_" W 2> _l , we

find for the coefficient of transformation

UD(k) _ 0.3. eS-A In A. (25)
mua_

Let us now find the contribution to dE from the scattering of Langmuir

waves by Langmuir waves. The function E, according to (4), is

C(kt, ('h; kt, _2) =_-_,+o_/ %2-_-_ (o,+,oH"

Substituting (22) and (26) in (8), we find

e2_l_T_ _ ak_d_,,, {kkxl'
U c (k) = _- ,, (k -- kD' (_ -- ,,hi' k2_ x

× L _o_ ,,_- 0) I (o_-- uk_1 • j (_,_-- wt) -- u tk -- kO I '
(27)

* Neglecting the nonlinear effects of the interaction between fluctuations, we may use fornmla (22) in

the region of frequencies to and wave vectors q, where the plasma oscillations do nor grow.
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wheretheintegralis takenin theregionak.< I. L"kI<t1_,(l-- i}' lu(k--kt)l<

It canbeverifiedthat U L, like U', has no poles attributable to critical

fluctuations. In orders of magnitude, U Lis equal to

e:r i
U L (k) _ 0.1 _ In A6 (c2k2 -- 3g22). ( 2 8)

ttf'.utt 4

Let us determine the coefficient of conversion of an extraneous Langmuir

wave into a transverse wave. Applying (9), (22), (26), we find

- ak (29).'_e'-'(_'-' _ c'-'_'_)T,(:_q '' k_)_ sin20× _(Ao_--_;2_)_2_)s,do = 128tt#L_2q * I A_) -- qu ]

where A,,,- |f_T-'Z_c'-'k_- [-)_,, and q = k- k0.

It is easily seen that for iqu[---*Q_, the coeffieien_ of the delta-function

this expression increases indefinitely.

Integrating (29) with respect to the magnitude of the vector k, we find

in

d_ V_ e_)TL I_'_ sin 2 _}

d_-- = 61_,,,_ :.' 4- I,o. (3 O)

(it is assumed that _? 4< cko). We see that if the pro. ection of the wave vector

of an extraneous Langmuir wave on the direction u is close to K -- _ the

ratio _-_o characterizing the amplitude increment, it. unit time, of the

transverse waves propagating in a certain direction is anomalously large.
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O. S. Pavlichenko and L.A. Dushin

PLASMA DIAGNOSTICS UTILIZING THE SCATTERING

OF ELECTROMAGNETIC WAVES

The interaction of electromagnetic waves with plasma is one of the most

effective tools of plasma diagnostics. Various methods of active probing

of a plasma with centimeter and millimeter radio waves have been developed,

and they yield extensive information on the properties of the plasma in

different plasma-generating facilities. However, active probing is suitable

for measuring macroscopic plasma characteristics only: its maximum

density, from the cutoff of a microwave signal, or the density averaged

over the path of the signal, by interferometric techniques (with fairly dense

plasmas, the measurements should be made in the optical region, with an

optical interferometer). A reflected microwave signal establishes the

position and the speed of a plasma layer having a certain critical density.

There is, however, another technique of active plasma probing, namely

the analysis of the incoherent scattering of electromagnetic waves in a

plasma. The spectral characteristics of an electromagnetic signal scattered

at a certain angle in a plasma yield much more information. In particular,

under certain conditions, the spectrum of the scattered signal is broadened

by the thermal motion of the ions (although the electrons are responsible

for the actual scattering) and is thus indicatory of the ion plasma

temperature. Weak satellites appear, having the frequencies to _ _20_= 0,_,

where n 0 is the probing frequency, and _ is the electron plasma frequency.

In this paper we consider the experimental possibilities of scattering

of electromagnetic waves in the microwave and the optical region and deal

with the optimal choice of probing frequency and power.

Intensity and spectrum of scattered radiation

Consider a plane wave incident on a plasma volume V. The frequency

Q0 of the wave is chosen so that the wave is transmitted through the plasma,

i.e., _0 > 0_p. The electric field EscatOf the scattered wave should satisfy

Maxwell's equation. Integrating this equation by parts and seeing that

on
div J q-_- = 0, we write for the scattered wave in the wave zone ]4/

Escat(X, l)='--_i- v {x:x_ (1)

The current density in the plasma may be written as

J {x, t) = Y_q,,v,, (t) 6 Ix x. tt)l,
n

then

dJ
"N" = _ (q,.,v,,6(x- x,.,)- q,,v,,v,.,V6 (x -- x,.,)l, (2)

n
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where v =-q'± E ix_, t}, and E{x.,, l_ _ E0co_ {--)d- kxD, E 0 the field of the incident
m

wave, ¢_ and re. the charge and the mass of tile pa'ticles.

The second term in (2) is omitted, since it is _ot dependent on E and is

of no relevance in connection with the scattered rave, In the first term, the

contribution of the electrons prevails, since m, % m,. Hence

OJ e _-
- _ --EocoslL),,t kxln,,tx, t), (3)

C)l tll

where n_ (x, 0 = E.6 Ix -- x_ (t)l is the electron density.

It can be shown that in the wave zone, a receiver placed at a distance

r ,,J : \{,,} willfrom the scattering volume and having a passban{I {o} .; A,,,.

receive signals of amplitude

l

,,J-r T A_

e_ I ' a,,J . Re,e-.,! t-. !AEc_ttx, t)=- ;;;_ i_ leo--nIn-eo)l _1 _¥ L x
I

('}N -- D]I
;/n_, k-- T , _o ]]

Let us consider the variation of the mean square of this quantity:

• 2 Eo 2.lira t lAEcat{t) at= nVa'_lt-_ _i [l--sin 2a cos(_--%}] x

x S(k-- _---N 0)__f_0'). at0 e_, , _-, .0=,,_%_, (4)

where Slk, {_)=lim _ I%lk, _)t _1 is the spectral density of electron density

fluctuations-- the" dynamic formfactor of the electrons; nthe electron

density; ,_the angle between the directions of the incident and the scattered

waves; g and % angles defining the position of N and Eo. For a nonpolarized

wave, averaging over % gives the angular factor 1--_ sin-'ai.
J

The differential cross section for the scatteriJig of electromagnetic

waves by electron density fluctuations is thus

d_o e.... (1-- +sir:a) (5)dPMea = _l) i%S (k, 0}l

where N is the total number of electrons interacting with the wave.

(!alculation of the scattering cross section reduc,,s to the determination

of S (k, {o}.

The dynamic formfactor of electrons

The electron dynamic formfactor was calculat _d by various authors

/1--5/ for plasmas in thermal equilibrium and with an arbitrary ratio T--o
Y
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Detailed calculations were also made for electron distribution functions

unstable with respect to electron plasma oscillations, i.e., electrons

drifting with a velocity l',relative to the ions /5/ and plasma--beam

systems /6/.

The Mmplest expression for the electron dynamic formfactor is obtained

by the superposition of "dressed" particles /4, 5/. This method analyzes

th," screening of a test particle injected into a plasma by the charged

particles clustering around it. The underlying principle of the superposition

nne{hod asserts that if the particle is "dressed", i.e., the screening effects

ure properly introduced, its motion can be treated as the motion of a free

particle. In particular, density fluctuations of "dressed" electrons in a

{we-component plasma of electrons and protons have the form /4/

.I,'u* (k, _oI In¢z Ik, co)

An(k, _)= I _qV,-_-i 2a6lkv'-(_) + _(k. _) 2nS(kv.--c_),

where ,, ,(k, ,,>) is the electron and ion polarizability,

t!e;
u,..(k, m} :hill- ,.,_ kV'L"'(v) '

,z electron and ion mass, [,. (vIelectron and ion velocity distribution

function, e Ik. ,0longitudinal permittivity.

The dynamic formfactor is obtained as the Fourier transform of the

even correlation function and has the form

,_lk .... i : v "') [ e ,v (,.)_- . ]_(_._ t- in% I k. ,,,) .I._% tk, (,)} '_

The fluctuation spectrum can be calculated as soon as the distribution

functions and _.(k, _,_!are known. Note that the formfactor may take very

lunge values near points having e(k, v0 = 0, i.e., near the roots of the

disper.sion relation for the collective oscillations. This quantity is limited

only by the nonlinear effects.

l,et u._ consider some estimutes of ,S(k, 0_1 for different cases.

Plasn-,a with T, T_ = T. Kor a plasma in thermal equilibrium

l.-¢ne"-
w he re k5 =

Stk) = k:,+_'

I

f L, for k 2/t" k'_ ( long waves ),

,S (k) = 1 1
for k"-:.'l e5 (short waves).

In this case S (k, _,_) =S, (k, 00 -FS., k, (,)), where

,V . Io_ t
S,(k, o_) = k-l'/Y "

,v (,_)&(k, _)) =TL 2,

I ;n(_ {k, _)) a,

43% Ik, (,)) 12
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Thefunction$1 (k, m) is proportional to I+ (_-) and the width of its spectrum

is 5v_ _- kVr, == k _/ _; negleeting the ion polarizability S_(kl -- and
ks + k_ k2

assuming long wavelengths, we see that the coI:tribution of $1 (k) in S (k) _ k-_D

is very small; in the case of short wavelengths. S, (k) dominates. The

(;1spectrum has the form Slk. m/= k-f, with a width A_ = k vr,.

The function S_(k. o_) is associated with the electrons forming the

screening cloud around the ions, and it is pror_ortional to f,(_--_ with a

k_ "_'_" l

width At,_ _ kv+, ; S,(k} : <+_+ kDi i+' + 2+_t' and for Icng wavelengths S,(k) =- -_

makes the main contribution in S (k, _). For k_ ":,kS S2(k) = k_, _- and its

contribution is vanishingly small.

Summing up the results for a plasma with T = T, in the two extreme

cases of long and short wavelengths, we may say that in the long-wave

case the width of the spectrum S (k, <,0 charactecizes the ion plasma

t while in the short-wave case the spectrumtemperature and S (k) =7,

S (k, m) is representative of the electron temperature and S (k) = 1.

Nonequilibrium plasma (T_ >: T,). In a nonequilibrium plasma, with

T, > T,, fairly stable acoustic waves may prop, gate, having the frequency

_k = T_ k = kvs

Near acoustic resonances, the permittivity has the form (k _ _.C /¢_)

{
and S (k) is written as

S (k) f, W) + l_ (vd
T+

We see that S(k) is twice as great as in the first case. The spectrum

S (k, ,0) in the long-wave region thus consists ol two satellites with I At0 ] _ kv+.

The integral expression for S (k) in each satell te amounts to half the total

S (k); since the satellites are narrow, they stand out from the general

spectrum of the fluctuations.

Current-carrying plasma. In a plasma wit 1 T, >> T_, in the presence of

net electron drift, one of the acoustic plasma araves m = kv_ may grow in

amplitude, while the other is highly damped. If the drift velocity is fairly

high, the sound wave becomes unstable, the flactuations grow rapidly, and

this growth is limited only by nonlinear effect ;. An analysis shows ]5[

that the spectrum S (k, ¢0) is the same as in the second case, but now it

displays a certain asymmetry: the unstable w_ ve will sharply raise the

formfactor only for a single value h_ _ kvs.
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Plasma with a "beam". A plasma with an electron velocity distribution

(n, <_ n_, u the velocity of the "beam") is unstable relative to electron plasma

u vr_== _Tr I . This instability, even for small frequencyoscillations if

(_ 1) may sharply increase the scattering cross section nearincrements _- <<

Aa,_ %. The cross section increases since the energy lost by the beam to

the plasma waves, though small in comparison with the thermal energy,

may be much higher than the energy of plasma waves in thermal equilibrium.

This case was considered by W. Drummond /6]. tie showed that for a

plasma with a weak beam the scattering cross section increases due to the

onset of instability at the frequency _,_ :- _,,p by

_J I Dtkk ) o, p ' k_',

where

? the frequency increment.

Numerical estimates for a typical case of experiments with electron

beams in a plasma /7/ show that for signals of)t = 3cm the scattering

cross section may increase by as much as l012.

Experimental investigation of scattering of

electromagnetic waves

The scatterin_ of electroma_m,tic waves can be investigated

experimentally in the optical and the microwave regions, where sufficiently

powerful generators are now available: quantum optical generators (lasers)

and powerful masers are eminently suitable for scattering experiments.

Let us consider the experimental possibilities in the two regions separately.

Optical region. A ruby laser can be applied: it generates radiation at

a wavelength of 6943/_ and has an intrinsic line half-width of 0.1 _. The

simplest lasers have a yield of _ 1 joule per pulse, which for pulse lengths

of .._ 10 -3 sec ensures a power output of 1 kW. Pulsed (.) modulation gives

a power output of up to 107W over times of_ 1O-Tsec with the same

specimens.

When a laser beam is scattered in a plasma, the collective effects

become noticeable only for k" <-_k_); the spectrum of the scattered signal in

this case has a Doppler width which is indicatory of the temperature of

the ions. The condition k':-_< k_, imposes restrictions on the parameters of

the probed plasma. Figure 1 shows the region (n. T) where scattering is

governed by collective effects (the region limited by the triangle).

Scattered radiation can be observed only if the natural radiation from

the plasma near the probing frequency is less powerful than the reflected
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signal. In a fully ionized hydrogen plasma near _t -- 7000 _ it is only the

bremsstrahlung and the recombination radiation that need be considered.

Let us estimate the power of the bremsstrahlung and the recombination

radiation in a spectral interval equal to the wi4th of the scattered laser

line. The expression for the spectral power censity ofbremsstrahlung

and recombination radiation is /8]

h_

4_xNtN eh 8xT "

WilT ' v)d,v =_.___x___ R _e _,r L_!(T, "v)+_(T, v)ldv,

f(T, _,,}=20 _ n-_eel.'g.(v},
n=m {v)

(7)

where R = 3y-2mhc_ ; {9------_T-;g. (v} is the Gaunt factor for free-bound

transitions; h_'o _ E_ hydrogen ionization energy.

Applying this expression, we calculated (Figure 2) the power radiated

by the plasma in the spectral interval correst onding to the scattering line
(A = 7000_, dashed line), for plasma temperatures

of 1, 10, and 100eV. "'he function lg P vs. lgN is

tg z=70o0,o°_, nonmonotonic, since th ._ scattered line becomes

20 dA-Te_n / narrower as we move t) the (n, T) region where the

I8 zg'-r/'_ /^_,,4//z collective processes determine the width of the
/o Doppler maximum. To permit comparison with the

/6 /_,=Irnm/ scattered laser power, the same figure gives (solid
;_ ,/ A=Smm/ line) the corresponding results for lasers with a

I2 _=3cm// power output of lkW, ;00kW, and 10MW (for a one-

/// way passage of the light beam through the plasma).
/0 , ......

3 4 5 6 7 8 9 L_T,°K The total power of t le light scattered by the
plasma can be substantially increased if the beam

_6ue$ I is allowed to pass several times through the plasma

volume. One of the scaemes for multiple passage

of the laser beam through the plasma is shown in

Figure 3:1 is the ruby, 2 dielectric reflectors, 3 plane-parallel glass

plates, 4 the volume with the plasma. This arrangement is superior to

the scheme which calls for the introduction of the plasma directly into

the resonant cavity: here the defocusing influence of the glass vessel

confining the plasma and the enhanced scattering by the glass }-ave no

detrimental effect on the (@of the system, l_ultiple passage of the light

beam through the plasma increases the scatt._red power by one order of

magnitude and thus improves the signal-nois._ ratio for the same power

output.

There are certain difficulties involved in tight-scattering experiments,

connected with the powerful scattering by ex'raneous objects (the plasma

vessel): this spurious scattering may exceed by several orders of magnitude

the power of the signal scattered by the plas na proper. In this case the

signal-noise ratio can be improved by making use of the constant spectral

composition of the spurious scattered light. Since the intrinsic line width

of a laser is of the order of 10 -gcm, presunably with a Gaussian profile,

it can be shown that at a sufficient distance Jrom the line peak the intensity

of the radiation scattered from the plasma i,'_ substantially higher than the

intensity of the spurious line at the same poJnt. For example, at a distance
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A)_=h_o determined by the Doppler temperature of the plasma electrons

UTe

(AkD =k0--/--), the signal-noise ratio is

"scat A,_) _ a_._ /_'D I*

/spur (A_,) -- Cl°iV-ATD el Ax. ,

where % =a_o is the scattering cross section; Nthe total number of particIes

interacting with the light wave; AX0 the intrinsic width of the laser line; A;_D

Doppler width of the scattered line.
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FIGURE 2. FIGURE 3.

We thus see that for sufficient spectral resolution, at a sufficient

distance from the line peak, the intensity of the spurious signal is much

less than the intensity of the radiation scattered by the plasma.

Summing up, we may say that application of lasers in the 100kW range

and schemes with multiple passage of the light beam through the plasma

give an acceptable signal-noise ratio for experiments in a wide range of

plasma parameters.

Microwave region

Experiments in the microwave region are feasible with the aid of fairly

powerful centimeter- or millimeter-wavelengths generators. Figure 1

depicts the regions where collective effects prevail for radio waves of

various wavelengths. We see that under the relevant conditions in plasmas,

the scattering of millimeter waves is governed by the collective effects.

In the microwave region, "noise" constitutes the thermal equilibrium

radiation from the plasma. It is known /9/ that the power of the equilibrium

radiation emitted by a plasma per unit of its surface is

tO _

P (co, T) do _ _ kT, Ao,
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provided that the plasma volume is large enough fo "blackbody radiation. The

power radiated by the plasma in the spectral int._rval corresponding to the

scattered line is (,A_ -co _i)

I l×Ye}%
P (_, T) d_ = ga ' -,_'7--"

If the plasma volume is not large enough t J sustain equilibrium,

the main contribution is due to bremsstrahlung,

which is calculated from formula (7) above

tg£w/cma (here hv_x1",). The r,_sults of these calculations
-t0

are shown in Figure 4; for plasma temperatures

-12 ,,,54"_ re=IOev of 1 and 10 eV, we have plotted the power

q4 5/ I _ ,_ radiated by the plasma at _. = 3 cm. The

I _ horizontal sections represent transition to

-IS i/1 blackbody radiation (f)r plasma volumes of

_8 j( 1 cm3). The same figure gives the scattered

20 /i power for a 1 W signal; the vertical lineindicates the "cutoff" of the probing signal

-22 ' ' ' at the given wavelength.
I0 111213 1415 I_i771gn. cm -3

We thus see that in experiments with

microwave scattering the natural radiation

FIGU_4. of the plasma is of r_o practical significance,

and the various experimental difficulties

are confined to coping with spurious scattering.
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L. A. Dushin, V.I. Privezentsev, and A. I. Skibenko

PLASMA DIAGNOSTICS UTILIZING THE

EXTRAORDINARY TRANSVERSE WAVE

It is only the ordinary transverse wave that has been previously applied

for purposes of microwave plasma diagnostics, probably because the

dispersion properties of the plasma in this case are not dependent on the

external magnetic field. The extraordinary wave has been used only in

studies of the electron cyclotron resonance /2, 3/.

However, if we examine the variation of permittivity and of the phase

and damping coefficients as a function of plasma density, it becomes

obvious that the extraordinary wave is highly suitable for estimating both

the plasma density and the collision frequency. The most successful

technique calls for simultaneous application of the ordinary and the

extraordinary transverse waves, where the measurements are mutually

complementary. This is also convenicnt in technical respects, since

the plasma is in fact probed with waves of one frequency, but different

polarizations.

Microwave cutoff measurements

Analyzing the propagation of the extraordinary wave across a collision-

less plasma, we find for the dielectric constant [ 1/

vIt-v* (1)8_ l I --u_--v '

where

Cutoff occurs when e = 0.

u < 1 can be found from

(00_ 4_t.le2

v=_; %,=-% ;

_. ell
U_--; _. _ --.

(o rlIC

Hence it follows that the critical density for

v,,3 = 1 =_ u (2)

Cutoff is also possible for 1 -- u 2- v = 0, where e is discontinuous (Figure 1)

and the critical density at that point can be obtained from

t,_= l-u'. (3)

For u > 1, there is but one cutoff at

t,,=_ _.. (4)

Applying the extraordinary wave, we can thus take three density readings

at a constant frequency if u < 1, and one density reading if u > I.

Characteristic oscillograms of the amplitude of the transmitted signals are
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given in Figures 2 and 3. Measurements were m_de using the decaying

plasma of the pulsed reflex discharge /4/. Ordin_ry wave probing was

simultaneously applied for control purposes.

I

0
*(/

\ v
\

\
\

FIGURE I. DJ.electric constant vs. density,

In Figure 2 (u < 1), the cutoff times t,, h, ¢a, aid hcorrespond to the

densities v, = 1 +u, t,.= 1 --u _, c.:, = 1 - u, and v4= 1, respectively. Since

tile measurements were made at 8-mm wavelength, in a magnetic field

of 310kA/m, the corresponding numbec densities are n, = 2.2 .1013 ,

n,= 1.5.10 is, n,= 1.2 .101"_, and n4 = 1.7.101ael/cm 3. ttydrogen pressure

0.5 N/m 2. Time base 430_sec.

FIGURE 2. The amphtudL' of the extraordinary (top) and th ? erdinary (bomm_) waves

transmitted through the plasma:

/I = 310 kA/m, _, = 8 ram, pressure 0.5 N/Ill 2.

In Figure 3 ( u > 1), for a probing signal of 3.2-cm wavelength and a

600 kA/m magnetic field, the cutoff times 11 and t, correspond to the
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number densities n, = 3.7.1012 and n4 = 1.2.101_el/cm 3, respectively.

Pressure 2N/m 2. Time base 1800psec.

Under laboratory conditions, one sometimes deals with a plasma where

collisions are not negligible. In this case, the transmission of the signal

is altered considerably. No proper cutoff occurs here, since the refractive

index cannot assume negative values, but the damping is so strong that the

observed effect is equivalent to a cutoff. On certain approximation, we

may therefore consider the influence of collision frequency on cutoff.

FIGURE 3. The amplitude of the extraordinary (top) and the ordinary (bottom) waves

transmitted through the plasma:

H=600kA/m, _,= 3,2era, pressure 2N/m 2.

The influence of collision frequency on the critical density in the case

of the ordinary wave can be found fairly easily. Taking the permittivity

equal to zero for s'=-_ << 1, we find for the critical density

_" (5)e'= 1-- I __s-_-- / ,

i.e.,

v' = I _ s_ (6)

In the case of the extraordinary wave, the expression for eis fairly

complex:

vlfl-v)_--u'-'(I -v} _-s _] .
e= l--O_o_u__s_ 2+s'_2-v) _' (7)

it may have several solutions, depending on the relation among t,, u, and s.

The critical values of v are determined from the equality

rfl--(3--u_+s 2) o 2a-3(1-u 24-se) v-14s 2 _-(u _-1 _-s2)z I=0, (8)

which after simple manipulations and the substitution y = v

written as

IS
3

+ 3py.4 2q =0, (9)
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where (s_- u2)(a- s_+ u2)
P 9

I
q = -- _ I9 (s _ + 4u"-s2 + u') + (s_ - - u2)81. ( 1 0)

Equation (9) is best solved graphically. The intersections of the parabola

z :-=_/a with the straight line z = -- 3 py -- 2q give the roots of the equation.

The elegance of this approach is that the roots are found by plotting a

single parabola and a family of straight lines corresponding to various u

and s. One of the roots can be determined for the case of no collisions

from the discontinuity of e (v), i.e., by setting the denominator in (1) equal

to zero. Analysis shows that collisions make 8 (v) a continuous function for

a]l real v, and its zeros are determined by (8) and (9).

The critical value of v is difficult to establish in the general case, and

the result is fairly cumbersome. Investigation of equation (8) showed that

for s < 0.5 application of the collisionless equati,3ns (2)--(4) did not lead to

excessive errors.

The cutoff plasma density can thus be easily determined. To find the

collision frequency, we must consider the damping of the wave in the plasma.

Damping measurements

The damping of the extraordinary wave propegating in a plasma is a

function of the collision frequency, the magnetic field, and the density.

The damping ratio is

whe re

.=-7+ +t lll'

4no sv ((I -- v)'+ ._+ sq
"-_-- =(I--t,--u 2-s*) a+s*(-9--v)_;

o the conductivity of the plasma; ethe dielectric constant (see (7)).

Figure 4 plots the damping ratio as a functio a of density for various

magnetic fields and collision frequencies. We _;ee that the damping

decreases as the magnetic field and the collisioa frequency increase.

2 u.aTs_J_

u.Q7 $.0..315

7/Ii
///u-/3.;5 s 07

/_'_- :--_ ..... v
0 t 2 3 _ 5 6 ? 8

(11)

FIGURE 4. Damping ratio as a furction

of density.

For low collision frequencies, a damping m:nimum is observed in the

region of densities v, = I + a and t,_ =: 1 -- uL A_ the collision frequency
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increases, the minimal damping becomes higher, and for large _ the

clamping curves do not dip at all.

In certain limiting cases, the damping can b_, d(_termined from relatively

simple approximate relations. When a is small in comparison with other

quantities, we have

_ :')_-"_ (12)
E == I -- U -- Iz _ - '

4.-_%= s__I(I - _,1.... =1 ('13)
(,_ I I -- :, - u_-) _ '

= _:'1( I -- r,)z + uI[

20 _ v _ u.i.,i(t _ v)_ .21,,, • (14)

For simultaneous application of the ordinary and the extraordinary waves.

when : = 1. we have

_2

,,, :(,,: ' _"1:-s v' (16)

( .....ix --1 _ " _--

When th,_ ordinary wave is cut off, the extraordinary wave is transmitted

with a certain attenuation 'l. Measuring this attenuation, we can find the

FIGURE 5. The amplitude of the extraordinary (top) and the ordinary (bottom) waves

transmitted through the plasma:

tt = _6,i k A/m, _. = ,_ m m, pressure O. 5 N/m z.

collision frequency if u i:s known. The calculations are particularly easy

x

for u_ << 1, which is almost invariably true for transve,'se probing with
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wavesshorterthan3cm.

so that

Then

4_

O)s

_1 = cuT

_CU z

(18)

(19)

(20)

This formula, however, cannot be applied unle_s s << 1, which is

necessary for the cutoff of the ordinary wave at v = 1.

Experimental measurements were made again in the decaying plasma of

the pulsed reflex discharge. The characteristic oscillograms are shown

in Figures 2, 5, 6. Figure 2 is an oscillogram of the amplitude of the

transmitted signal for u = 0.29. The collision frequency for the ordinary

wave cutoff time t2 was calculated from (20) and found equal to v = 3 .108 sec -1.

FIGURE 6. The amplitude of the extraordinary and the o'dinary waves transmitted

through the plasma:
_t = 620 kA/m, _. = 8 ram, pressure 3 N/m 2.

Figure 5 is an oscillogram of the amplitude of :he signal for the same

pressure, but for a higher magnetic field and u -- 0.83. The cutoff densities

are 3.1013el]cmS for tl, 4.1012el/cm sfor t,, 2.5 .1012 el/cm 3 for t3, and

1.7 • 1013 el/cm 3 for t4. The collision frequency at the ordinary wave cutoff

is 3.109sec -1. Time base 710t_sec. Figure 6 is a similar oscillogram

for u = 0.6, pressure 3N/m 2, and time base 620_sec. Increasing the

pressure raised the collision frequency, and the _ignal was blanked in the

interval of densities 1 + u and 1 - u _. Cutoff occurred at v3 _ 1 -- u, i.e.,

for ha= 6.8 .1012 el / cm 3.
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Phase shift measurements

If the wave is transmitted through the plasma, its parameters can be

determined from the refractive index

Vr +

when s is small, tile collision frequency has a negligible effect on the

refractive index, and its value is approximately equal to that for s = 0:

_/ v(I-vl (22)n= 1 l_u_ v .

When _ is comparable with v and u, the collision frequency must be

I! "_.u=0.7s.O
!

u=O,7 s=0,315

FIGURE 7. Refractive index asa function

of density for low collision frequencies.

taken into consideration. The graph of

the refractive index is shown in Figure

7. We see that the refractive index varies

sharply for small s in the range of

densities vs =l--u and v2 = 1--u _. This

complicates the phase measurements in

the corresponding region.

At higher collision frequencies, the

refractive index varies smoothly, remaining

close to unity in the entire range of

densities. Phase measurements can be

treated to determine the collision frequency

(from the departure of the phase coefficient

from unity), but damping must also be

considered in this case. The damping

ratio increases with density, but decreases

with increasing magnetic field. Phase and damping measurements are

therefore effective in high magnetic fields only.
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L.A. Dushin, V.I. Privezentsev, and A.I. Skibenk(

MICROWAVE PLASMA DIAGNOSTICS UTILIZING

LONGITUDINAL PROPAGATION OF RADIO WAV _S

The application of longitudinal propagation of iadio waves for the

diagnostics of a plasma in the presence of an external magnetic field

considerabIy expands the measurable range of some plasma parameters.

The theoretical studies /1, 2/ give a detailed treatment of this mode

of propagation. The experimentalpapers /3, 4/ neglected the effect of

collision frequency, and we concentrated on the iIffluence of the collision

frequency on the measurements of plasma parameters.
From the refractive index of a collisionless plasma

n_ _ (1)
1'2=1 l±u'

we can determine the frequency range of the radio waves being used, as

a function of plasma density and magnetic field. Figure 1 shows that in

the presence of magnetic fields stronger than the resonance field ( u > 1),

the plasma may propagate extraordinary waves at any density. The
inflaence of collisions is thus felt in the range of low frequencies (in

comparison with the plasma frequency). The applicability of the ordinary
wave is much more restricted, and it does not di'fer much from the

applicability in the case of transverse propagatio 1.

Interaction of longitudinal electromagnetic

waves with a plasma

The propagation of electromagnetic waves in _ magnetoactive plasma is

characterized by a complex refractive index, wh:ch in the general case is

written as

2v¢ -i_-v} (2)
In -- i×)_o = I 2II--is)(I--is--v_--u 2sinS`x _ _/_isin, a4 4u2(I-is-vFcos _,_

where n is the refractive index, × the absorption coefficient, x, the collision

frequency, a the angle between the direction of tte external magnetic field
2

and the wave vector, s= ,@, c,= _-,% u--_-, _" _,=,:._,'_H e and m electron

charge and mass, _0 the frequency of the probing _ignal, c the velocity of

light, Nthe density of electrons in the plasma, 1, 2 subscripts referring

to the ordinary and the extraordinary wave, H th.; magnetic field.

In this paper we consider the case of longitudinal propagation, with

a = 0, when

_(J _u) ,_s (3)(n--i×)_,2= I (I ±u)_+s _ (l±_)'+s'"

From this relation we can easily find the two tuantities which are
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measured experimentally, namely the phase shift and the damping

to -_-{l vii +_u}q?l,2 =: "/-nt,2 = c V=2 {1 :t: u) 2 w s_ 4-

v(l _:ul _2 , s_, 2 -q,,,

_li,2=T ×1.2= --1 4- (I - uT+s'-F

1( o(i -.-.i ,_ .o )--j,/,},,,

Application of equations (4) and (5) in experimental calculations is

permissible only if the waves are propagated in the plasma. This implies

that n > 0. The values of the refractive index

U

2

l 2 3 z 5 6' v
a

FIGURE 1. Transmission regions
of radio waves as a function of

density and magnetic field:

aextraordinary wave; bordinary wave.

for the case v <,<to and s _ _. (I -- u): show that

5'

n2::l-- I--, is positive in the region u > 1 for

o

all v, and n,= l--T:_is positive in the region

u >-v - 1 for v > 1 and for all u when :, < !.

Hence, ordinary and extraordinary waves are

propagated at different plasma densities,

depending on n.

Propagation at any density is only observed

for the extraordinary wave with u > 1. The

ordinary wave is propagated only wF_en v < u + 1.

Figure 1 shows the transmission zones for the

two waves (the cross-hatched areas correspond

to evanescence).

Measurements are of course best made with

a single wave, choosing conditions when the

damping of the probing signal is not excessive. The" damping × as a

function of the density v is plotted in Figure 2. We see that the damping

of the ordinary wave sharply increases for v>l+u. The damping of the

extraordinary wave, on the other hand, increases more slowly. An

increase of the magnetic field reduces the damping of the two waves.

Figure 3 plots the refractive index as a function of density (n vs. v

curves) for various magnetic fields and collision frequencies

The refractive index of the ordinary wave decreases with increasing v,

and reaches a minimum for v > 1; then it smoothly increases. The

refractive index of the extraordinary wave has a minimum for c, < 1 if u ¢ 1;

if, however, u > 1, it monotonically increases ,vith density, remaining

greater than unity.

The propagation of a signal in an ionized medium may also be

characterized by its group velocity. For small collision frequencies,

c

dto

The group velocity of the extraordinary wave propagating in a homogeneous

plasma is

Vgr (I - u)' '( l --- u -- v) t_----q ..... . (7)£,

11--ul z t -r,u
2
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Sincethedelaytimeof a signaltransmittedthrougha plasmais

At= !
Vgr'

where t is the length of the path in the plasma, we may write

1

t (l--u)'+Y u'v

At = Ctl -- uf"(l --u--o)'�" (8)

Ilence for the density

u_
2(t --u)2lu{1--a i) -- I 4-1/l'l--al)lui--2u)+ 11

a,,,, (9)

Here

Vg r i

a_ "-_-_ _r'

SO that by measuring htgr we find the refractive index of the plasma and the

instantaneous density of the electrons. Figure 4 plots Vgr = [ (v) and At =/(v)

for various magnetic fields.

Experimental studies

Density and collision frequencies were measured using a PIG-type

discharge immersed in a longitudinal external magnetic field of up to

FIGURE 5. Schematicofthe apparatus:

1) generator; 2) interferometer;

3) cathode; 4) magnetic field;

5) anode; 6) phase detector; 7) indicator;

8) detector of transmitted transverse

signal; 9) phase detector for reflected

transverse signal; 10) generator of

transverse signal.

796kA/m /5/. Cathodes in the form of

circular waveguides with aluminum flanges

(introduced to increase the cathode surface)

served as microwave antennas. Cathode

separation 120cm. Vacuum tube diameter

10cm. The antennas could be adjusted

relative to each other and relative to the

discharge axis. A schematic diagram of the

apparatus is shown in Figure 5.

The plasma parameters were determined by

a) measuring the phase shift of the wave;

b) measuring the damping of the wave; c)

measuring the delay time of the r-f pulse.

The phase shift was measured by a simple

interferometer; a typical oscillogram is shown

in Figure 6. The lower trace shows the cutoff

of the ordinary transverse wave. Measurements

were made at 3.1-cm wavelength. Applying

(4) and calculating the density v from the cutoff

at the time &, we can find s characterizing

the collision frequency. The parameters v and s for the time t, are found

by solving equations (4) and (5). The damping TI is determined by measuring

the amplitude of the wave transmitted through the plasma. The following
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FIGURE {_. An interferogram of the longitudinal signal ar :l the amplitude of the

transm{ttcd transverse signal; wavelength ::L1 cm, tt = 32, kA/m, pressure 3N/m 2.

FIGURE 7. An interferogram of the reflected transverse si inalofs-mmwavelength

and the amplitude of the transmitted longitudinal signzl of 3.1-cm wavelength;

11 = 320 kA/lrl, pressure 3 N/m z,

FIGURE 8. Oscillograms of pulses transmitted through the plasma (top) and supplied

by the generator (bottom); wavelength 3,1 cm, pulse lengl "_ 7.5 _sec, /-/= 320 kA/m,

pressure 3 N/m 2,
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values were obtained durin_the life of a plasma with a density exceeding

1012el/cm 3 (300usec), for a magnetic field H = 320kA/m and hydrogen

pressure of 3 N]rn2:

tL = 84_sec, _= 10 (N= 1.25.1013 el/cm3), s = 0.3 (v = 2.101°),

tz-= 290_sec, v = 1 (N= 1.25.1012el/cm3), s= 0.17 (v = 1.0.101°).

In treating the results, we must remember that for small densities (v < 1)

the plasma propagates ordinary and extraordinary waves. However, when

collisions are introduced, the extraordinary wave is damped much faster.

Already for s -- 0.1, the damping of the two waves differs by as much as

one order of magnitude. Therefore, for v < 1, the plasma may be regarded

as transparent for the ordinary wave only, while for v> 1 it is only the

extraordinary wave that is transmitted.

For purposes of comparison, the plasma was additionally probed with

an 8 mm transverse signal under identical conditions, Figure 7 gives

oscillograms of the reflected signal with a wavelength )t = 8 mm and of

transmitted signals with a wavelength of 3.1 cm (bottom).

We see that the density of the plasma exceeds 1.7.1013el/cm _. From

the interferograrn of the reflected signal we find that at t, = 84 psec a

plasma column exists having a diameter of 68 mm and a density of over

1.7.1013el/cm3. The longitudinal signal transmitted by this column gives

an average density of 1.25.101ael/cmS. The measured average and peak

densities are thus in close agreement.

The same interferometer was used in group velocity measurements, but

the compensator arm was replaced with two detector heads which picked

up the pulses from a generator operating in a pulsed mode. The oscillogram

in Figure 8 shows the delay of the pulse transmitted through the plasma.

For atotaltime base of 30psec, the delay time At = 0.gmsec, which

corresponds to an electron density of 1014 cm -3 at a time ! = 55#sec after

plasma ignition. We see that the pulse transmitted through the plasma is

distorted owing to the difference in the phase velocities of its spectral

components.

Measurements made with a probing signal at 3.l-cm wavelength gave

density readings much higher than the critical density corresponding to

this frequency (from 1012 to 1014el]crn3), which demonstrates the

expediency of applying longitudinal waves. The experiments gave collision

frequencies of the order of 1010sec -1 (high-pressure cold plasma), so that

the plasma cannot be regarded as collisionless.
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L.A.Dushin, V.I. Kononenko, O.S.Pavlichenko,

V. K. Nikol' skii, and L. V. Brzhechko

MICROWAVE AND SPECTROSCOPIC INVESTIGATION

OF AN ELECTRODELESS INDUCTIVE DISCHARG_

The heating of a plasma by a rapidly growing magnetic field was studied

in fairly great detail at Los Alamos [1], Aldermaston, and also by the Kolb

group [2[. These researches were concerned with the fundamental

processes accompanying rapid magnetic compression of plasmas; the

instability of the plasma column which breaks up into two pinches rotating

helically about a common axis was discovered and investigated; the capture

of the magnetic field by the plasma and its relation to plasma heating was

studied. Record parameters were obtained with the PHAROS machine:

a plasma with a density of over 1016era -3 and a terrperature of ions 107°K

was sustained for a few microseconds. Researches carried out on less

powerful facilities of this kind dealt with the various peculiarities of theta-

pinch plasmas ]4[. In ]5] epithermal microwave -adiation from the

plasma of a theta-pinch was discovered in the regi.m of comparatively low

pressures (1.6.10 .2 to 7.1.10-2N/m2).

This paper investigates the parameters of a plasma emitting intense
microwave radiation.

Apparatus

]'he plasma was created by discharging an 18.6 _F capacitor bank charged

to 30 kV voltage through a single-loop coil 11 cm ir diameter and 20 cm long,

wound onto a quartz tube 1 m long and 10 cm in dis neter. The coil generated

an alternating magnetic field with a maximaI ampl tude of 1.3.10_A/m and

a period of 8.6gsec; mirror ratio 1.1. Initial vac_mm 1.33.10-SN/m 2. The

main results were obtained for hydrogen in the pr_ ssure range from 8 to

0.4N]m 2. Preliminary ionization of the gas inthc discharge tube was

achieved with a _ 200W, 50Mc/s r-f generator.

Microwave measurements

The plasma created by the coil and escaping fr _m the coil enclosure

along the tube axis was probed with microwave signals of various

frequencies: 9.4.109c/s, 37.109e/s, and 140.109_:/s. Typical oscillograms

of the microwave signals (E II H) transmitted throagh the plasma at right

angles to the tube axis are shown in Figures 1 ant 2 (initial pressure

1.6N/m _, discharge voltage U = 10kV). We see 1hat the plasma with a

density of over 2.4.1014cm -3has a life of 60psec inside the coil. Almost

simultaneously with the creation of the dense plasma inside the coil, plasma

is generated along the tube axis over considerable distances from the coil,

the density outside the coil falling off at a slower rate than inside the coil.

From measurements of the "cutoff" times of sign tls of various frequencies,

we plotted the variation of the charged particle density in time inside the
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coil and at a distance of 44 cm from its midplane (Figure 3), for various

capacitor discharge voltages. The rapid decrease of density inside the coil

FIGURE 1. Oscillograms of the signal [;ansrni_ted

through the plasma region ins_.de the coil:
a) _, = 2.15ram; b) _. = 8.1 turn; c) _. =3.1cm;

d) current through discharge coil.

FIGURE 2. Osci[lograrns of the signal transmitted

through the plasma region outside the ceil:
a) _. = 2.15mm; b) _, = 8.1ram; c) _ = 3._cm;

d) discharge current.

may be due to the axial ejection of the plasma by the pinching field; outside

the coil, the density decreases mainly due to recombination and diffusion.

When the discharge voltage is raised from 5 to 25kV, the life of plasmas

of various concentrations increases. The largest increase in lifetime is

observed for a plasma with a density of 2 .10Z4cm-S. This apparently

Din

n-4.3,C'!-

n.l_10 I3

n_7.2._0_2

. I0 kV

_/20kv

7_ t. _sec

FIGURE 3, Peak density as a function of time for various discharge voltages
and initial pressure of 1.6N/mZ:

o inside the coil; aoutsidethe coil,

implies that a plasma of higher density is created in the discharge (Figure

4). The insignificant increase in lifetime for a plasma with a density

1012 cm -3 and the leveling off of the lifetime vs. voltage curves indicate

that a certain mechanism drives the particles outside the coil even in very
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weakmagneticfields. Theplasmaoutsidethecol hasa muchlongerlife
underthesameconditions(Figures3,4). It is alsonoteworthythatthe
densitydecaycurvesoutsidethecoil correspond:o a diffusive mechanism

FIGURE 4. The lifetime of various electron

concentrations in the plasma as a functio I of

the dLscharge voltage for an initial pres,ure
of 1.6 N/mS:

o ins_.de the coil; _ outside the coil; _ pro )lag

along the discharge tube.

(in n _ -- at), while the escape mechanism inside tke coil is considerably faster.

Probing of the plasma column at various distances from the coil

showed that plasma layers of different concentrations move away from

the coil with different velocities. We measure] this velocity (Figure 5)

and showed that low-density layers move faste_, with a velocity of

vlO ( cm/sec

9
8 n't'210t_

6 10,3

4 °

3 I0'*

2

" ,_ ,; 2'0 2; VkV

FIGURE 5. The velocity of plasma layers
ot various concentrations as a function of

discharge voltage.

some 7.6.108 cm;sec (for 25 kV voltage).

This fact had be,m previously observed

for the generation of plasma in various

plasma injectors /6/. The rapid decrease

of plasma densit:_ inside the coil may

thus be due to tie axial ejection of the

plasma from the coil space in the growing

magnetic field.

We also investigated the spatial distribution

of charged partice density inside and outside

the coil by measvring the amplitude and the

phase of reflecte( microwave signals at

various waveleng.hs. An analysis of the

oscillograms of reflected signals shows

that in the preserce of a magnetic field,

the plasma inside the coil oscillates in the

radial direction with twice the frequency of the raagnetic field, ,_ 240kc/s.

The maximal diameter of the plasma cloud with a density of over 1012cm -3

was 4--8 cm in the range of experimental presst:res. It is difficult to draw

any definite conclusions concerning the radial distribution in this case. This

density inside the coil is characteristic of the plasma near the walls, and it

linearly increases toward the axis.
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Spectroscopicmeasurements

Theemissionspectrumofthedischargein thevisualregioncomprised
ahydrogenline andlines of theSiand0 impuritiesrepresentativeof the
dischargetube, in theform SiIIl andOIl. Theoscillogramsof thelines
emittedbytheplasmainsidethecoil showhydrogenemissionat the
minimummagneticfield positiononly;this indicatesthatthehydrogenis
considerablyionizedwhenthemagneticfield increases. Theimpurities
alsoemit neartheminimummagneticfield positions. Asthepressure
is raisedto 13.3N/m2, anintensecontinuumis observed.Measurements
of theH_line widthmadeit possibleto estimate the peak density of charged

particles in the entire range of working pressures, 8--0.9N/m 2. The

charged particle density was estimated on the basis of the hydrogen line

width theory proposed in /7/. The measurements are plotted in Figure 6,

-s

hi, cm

6

I0]5
8

6

2

i0;4

IJ-30 ,v
1_. CFI1 -s

8

6

0'6 N/m I

I i p

FIGURE _;. Plasma density vs. pressure: FIGURE ?. Plasma denstt} vs.

x theoretical curve; oexperimental, discharge voltage.

which gives the density as a function of pressure, assuming a fully ionized

gas and neglecting the pinch effect. Comparing these results with the

oscillograms of H_ we see that the measured plasma density is a time

average for the zero magnetic field positions, so that the plasma is indeed

not pinched (this justifies the comparison of the two curves in Figure 6)

and the measured density is minimal. We made an attempt to estimate

the upper bound of plasma density from the high-speed photographs used

to determine the amount of pinch of the plasma column. The resulting

figure 5.1015cm-3(25-fold pinch) is apparently exaggerated, since the

escape of plasma through the mirrors has been neglected.

The density increased almost linearly with discharge voltage (Figure 7),

which is consistent with the results of microwave measurements.

The electron temperature of the plasma was measured from the intensity

ratio of the singlet and triplet lines of helium, which was present in the

system in small amounts (_ 5%). The measurements were made
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photoelect rically, and they gave the time dependence of T, in the plasma inside

the coil. Figure 8 plots a typical T, = [ (t) deprmdenee. It is remarkable

that the electron temperature increases in the maximum electric field

position, as well as in the maximum magnetic field: the electrons are thus

heated when gas breakdown occurs and also wten the plasma column is

pinched by the growing magnetic field. The electron temperatures in the

two cases are correlated: the higher the temp¢ rature of the electrons at

gas breakdown, the hotter the plasma is when subsequently pinched by the

magnetic field. This is possibly due to better field skinning and magnetic

field capture by the plasma (a captured magneLic field of opposite sign was

detected in these cases with magnetic probes). The peak electron

temperature was observed for a pressure of 1.6 N/m 2 (20kV voltage) at the

maximum position of the third magnetic-field ;lalf-period, being equal to

106 °K.

6O
5O
4O

J°t "I: I! _ I I
HI It II l I I I

1,_ u,_t _rN'. v'_, _ t

_V

300 U=30 kV

5i II

IO0

, 2 3 ; ip,

FIGURE 8. Y e vs. IraTe, p=If_N/m 2,

U = 2URV.

FIGURE i. reml:_rature of ions vs. pressure.

The ion temperature of the impurities was measured from the Doppler

width of OII and Si III lines. Figure 9 plots tl:e measured temperature as

a function of pressure. The temperatures of onswith different Z and M

differ considerably. This is apparently a reflection of the acceleration

mechanisms acting on the ions of the plasma. In particular, in the presence

z _
of fluctuation electric fields in the plasma, ioas with different _ ratio will

have acquired different amounts of energy in fhese fields. That these

fluctuation fields exist follows from the results on the reflection of the

epithermal microwave radiation in the low-pr_ssure region /5/. At

elevated pressures, ionic sound oscillations r]ay be excited in the plasma,

just as electron plasma oscillations are excit,'d at low pressures. This

question is being investigated at present.
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I.N. Nikol'skii, O.S. Pavlirhenko, and V.T. Tolok

._Pt'X_TllOSCOPIC INVESTIGATION OF

COLLIDING PI,ASMOIDS

The present paper is a continuation of a series of researches devoted

to processes of capture and retention of plasma injected into a system with

oppositely directed magnetic fields; the interactions of plasmoids colliding

in the absence of a magnetic field are also studied.

In a previous paper /1/ we showed that when the plasma created by a

conical source with an insulating plexiglas cone was injected in opposite

directions through the slit and along the Z axis of a cusp-geometry trap,

the lifetime of the trapped plasma was longer than its life without plasmoid

collision:s. We also showed that the interaction of the colliding plasmoids

results in a rapid stopping of the plasma and its accumulation at the

collision site, followed by plasma flow along the magnetic lines of force.

Previous experiments /1/ showed that the plasma of a conical source

mainly consist:s of ionized carbon with a peak density _ 2 • 1014 cm-3; electron
tecnperature in the plasmoid 5-104°K. Probe measurements revealed the

structure of the plasmoids, which comprise a fast component, having a
velocity v 1.4-105m/see, and a slow "tail".

In the present paper, we deal with the spectroscopic phenomena attendant

on plasmoid interaction, and also give measurements of the ion temperature

of _he plasma created by plasmoid collision.

Apparatus and procedure

A schematic diagram of the apparatus and the position of the spectro-

scopic equipment are shown in leisure 1. The system parameters are

given in /1/. Spectroscopic measurements consisted of two parts: 1)

photographic recording of the emission spectrum of the plasma of free and
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colliding plasmoids at right angles to the directi )n of their injection (part

of the measurements were made along the inject on line); 2) photoelectric

recording of the emission in the plane of injecticn (Figure 2).

N* VN
//

FIGURE 1. Positron of spectroscopic equipment

in the experinaental system:

I to ISP-28 spectroscope with UF-85 camera;

II to ISP-51 spectroscope with FEP-1 photo-
electric attachment.

FIGURE 2. Photographic recording

of the plasma emission spectrum:

I measurements; II injection.

The time-average emission spectrum of the plasmoids in the 2000--6000A

interval was photographed through the quartz window at the end face of the

system, using anISP-28 spectrograph; line widta and shift measurements

were made with an ISP-51 spectrograph; photogcaphs were taken with UF-85

long-focus camera on RF-3 film. Photoelectric measurements were made

using the ISP-51 spectrograph with a photoelectIic attachment FEP-1. The

signal generated by the FEU-17 photomultiplier was fed through a cathode

follower either to the amplifier of the OK-17 oscilloscope or to the IO-4

oscilloscope.

Experimental results

Photographic observations of the spectrum, rhe spectra photographed

were those of the plasma injected by a single gu:l and of the plasma created

in the collision of plasmoids from two and four tuns (Figure 3). Gunvoltage

was 8 kV. Since the volume of plasma ejected b:, four guns was four times

as large as that fired by one gun, equal-exposure technique was employed,

FIGURE 3. Emission spectrum of plasmoids:

a) one plasmoid; b) collision of plasmoids frorr four injectors.

i.e., the product of the number of guns by the m_mber of collisions was

always the same. The spectrograms differ com, iderably: the four-gun

spectrum displays more features than the one-gin spectrum. For purposes
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of comparison, the table lists the lines in one-gun and four-gun spectra.

Spectral composition of the plasma ol colliding plasruoids

Wavelength

and One grin

identification

2716.5 CII

2713,:_CII

28:t(,.S CII

:{5!_0.( CI

;_712.7 0II

:_7_..:_ 0tl

:_750 I Lie

:_8:_2 1 CII

3863.5 OII

3861.7 CI

:?87{;.0 CII +

8911._ 011

:_Vl 8.U CII

:h_15 0 011

:39b!.6 011

:_!!70 H 6 +

•I069.0 0II

............ T ..................

I Wavelength

Four guns and

identi ficat ion
I

+ 412'2.10II

+ 407,1.5 C II

+ 4089.,3 OI[

+ 4097.20 II

+ 4103.4 N III

+ 4132.80II

+ 4156.5 0 II

+ 4267,0 C II

•1291.20 II

4294.00 II

.1296 I CII

4318,9 C II

4340 H¥
.!349.40 11

•1365.2 C 1

4'36_1.30 It

4371.3 C I

I l

_.m

One gm_

+

Wavelength

Four guns[ and Four guns
b

identification

+ .t414.00lI +

+ 4621 NII +

+ ,t634 N [II +

+ 46,174 CIII +

+ ,16,180Clli +
+ .li;73 Ol +

+ 4678.8 Cl +

+ 4694.5 Nil +

+ 4705.3 O11 + +
+ :1710 OII +

+ ,1861 H8 + +
+ 501!!.8 0 II +

+ 8025:5 Nil +

+ 506%8 C II +

+ 5073.6 N II +

+ 5168.2 N [I +

+ 56b'2.2 CII +

65t;3 Hot + +

We see from the table that the emission of the plasmoids is mainly

attributable to the elements entering the composition of the insulating

plexiglas cone: carbon, oxygen, hydrogen, and nitrogen. We see thai al

a distance _ 10era from the site of plasma creation, excited C, N, O, It

atoms are fairly abundant.

It is also noteworthy that some lines in the spectrum of colliding

plasmoids (CII 4267 _, 20.9eV; CII 3876 _, 27.4eV; CIII 4648 _, 32.2eV)

have higher ionization potentials than those in the single-gun spectrum,

where the strongest lines have ionization potentials _ 1.6.10 -la J. The

common lines in the two spectra are considerably more intense

(approximately by one order of magnitude) in the case of colliding plasmoids.

Photoelectric measurements

o

lane intensity oscillograms were taken for hydrogen II_ 4861 A and carbon

CI 4371 _., CII 4267 _ at the midplane of the plasma region for different

injection conditions. Typical oscillograms (injector voltage 12kV) are

shown in Figure 4; the upper trace gives the line intensity, the lower trace

the injector discharge current (current period 6/asec). The velocities of

the plasmoid components were determined by treating the oscillograms.

The zero time in velocity measurements was taken as the time when

the emission line first appeared in line-of-sight injection of the plnsma;

the time of nrrival of the plasma at the axis of tile system was identified

with the appearance of this emission for plasma injection at right angles

to the line of sight; the direct breakdown emission of the source thus (lid

not interfere with our spectroscopy. To increase the accuracy of velocity
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measurements, the plasma source was removed to a distance of 70em from

the chamber axis. The results are shown in Figure 5, where the velocity

wa_ determined from the time of appearance of emission in the oscillograms.

We see that the velocities of the different plasmoid components are distinctly

different, but the velocity of all the components increases linearly with

injector voltage, Singly ionized carbon moves faster than atomic carbon;

hydrogen atoms move faster than carbon atoms. ]'he velocity corresponding

to CII ions is 3 .104m/sec for 12 kV gun voltage.

V.106, cml_cc

3.0 /.__/.l l,'n12

z5 " IbZO 2

t5 _t

l.O 5

O5

FIGURE. 5. Plasmoid component velocities as a FIGURE 6. Reduced intensity of CII 426q ,_, line

function of iujector voltag.e, as a f/lnctioi1 of tile number of grins:

1) _ kV _un voltage; '2.) 19 kV gun voltage,

The intensity of the CII 4267 ._ line was measured in the p.lane of injection

;_t the time of peak emission for different numbers of guns. The results

are plotted in l'igure 6, which gives the intensity of CII 4267 F_, reduced

to the number of guns, as a function of the number of guns. We see that

the reduced line intensity Jea- (1_, line intensity, n number of guns) is almost

constcmt, sliffbtly decreasing with the number of injectors.

Photographic measurements of ion temperature

A long-focus camera UF-85 coupled with an [SP-51 spectrograph was

used in meqsuring the width and the shift of the CII 4267 ._ line for one

plasn_oid and for four colliding plasmoids, at right angles to the plane of

inj(:ction. Line width measurements were made in the usual way. The

shift of C II 4267 /_ was measured relative to the position of this line in

the one-Kan spectrum for injection at right angles to the line of sight.

The ]onK:itudint_l component of plasmoid velocity had no effect in this case.

The spectrograph dispersion in this region 2.8 /_/mm; instrumental line

width measured for l[g 4358 /_ excited in a low-pressure mercur_ lamp

withwater-cooled ]iquidelectrodes was found to be equal to 0.15 A and was

allowed for in the usual way. Figure 7 gives the photometric results for

CII 4267 A profiles for different injection conditions. Assuming that the

line width war, mainly attributable to Doppler broadening, we calculated the
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temperature of C II ions in a single plasmoid (8 8.104 °K) and in four

collidingp]asmoids (2.7.105°K), for 8kV gun v(.ltage. The line emitted

lgl
3

o.2_"

o.3a_ -='-i__, 3
J

o 0.5 7,_;_,,"

FIGURE 7. The width and the shift of ( II 4267

for various conditions of injection:

1) one gun perpendicular to line of sigh; 2) four

guns perpendicular to line of sight; 3) o_ e gun

parallel to line of sight.

by a plasmoid moving toward the spectrograph shows a blue shift of 0.2 _,

which corresponds to a velocity of 1.3 "104 m/se: for C II ions.

Discussion of results

It is highly significant for the understanding of plasmoid interactions

that the densest part of the plasmoid, carrying _he bulk of its mass, has

a comparatively low velocity. This velocity, ecual to 2--3.104m/see,

is roughly one-tenth of the velocity of the low-d,msity head (v = 1.7.10 s

m/sec at 12kV), as registered by double eleetr:c probes. This is a well

known fact for plasma guns of this type /2/.

It is also noteworthy that there is a fairly high concentration of excited

impurity atoms in the plasmoid, all moving wit}: a velocity close to that

of the plasma ions.

The presence of a considerable number of ex :ited atoms and ions at a

comparatively large distance from the source (_" 10 era) is also of interest,

particularly if we remember that the transition )robability for the C II
4267 /_ line is 2.3 -10 8 see -1 131, so that deexcit _tion occurs in some

5.10-gsec. If preliminary excitation is discontf reed, the number of

excited ions or atoms should be negligible at distances which are traversed

in a time of the order of 10cm/106 cm.sec -1 = :0-5sec. It is little

probable that continuous excitation in the movin_ plasmoid is sustained by

the electrons, whose temperature according to t robe measurements 11]

is T, = 4--5.104°K, since in our case the strongest lines in the plasmoid

emission spectrum have the excitation potentials of 27--30 eV, while the

10--12 eV lines are much weaker. The excited particles are formed in

all probability due to charge exchange with the fast ions accelerated by

the gas breakdown in the injector. In this process, a certain fraction of
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the kinetic energy of the fast particle is expended in ionization and

excitation. For example, in the charge exchange scheme

v,e have

or

exc C+C+ast + C 2 _C fast+ + C

+
ECin = ,cEki n + Ecxc + Ediss,

C+ C
Ekin = Ekin + 13.6eV.

If the carbon ions C + have velocities of 2.7.104m/see, the velocity of

carbon atoms should be 2.2.104m/see. For charge exchange with oxygen,

the velocity of C + should be 2.3-104m/see, and with nitrogen, 2.3.104m/see.

In our case, charge is exchanged with the molecular nitrogen and oxygen

of the air, v:ith oil vapor, and, when plasmoids collide, also with the other

plasmoid components --hydrogen and carbon. All these processes are

apparently simultaneous, and the observed difference in the velocities of

C and C + can be interpreted within the framework of this mechanism.

Measurements of ion velocities in plasmoids, in conjunction with probe

measurements of ion density, show that the strong interaction of plasmoids

observed in /1/, which stops the plasma and makes it flow transversally,

is attributable to the stopping forces produced by Coulomb interaction of

the plasmoids. Estimates of the stopping length of plasmoid ions give 3em

for ion velocities u_ = 3.104m/sec, ion densities 2.1014em-a, and electron

temperatures 5.104 °K.

The weak dependence of the reduced intensity of C I14267 _ on the number of

injectors observed in photoelectric measurements in the plane of injection and

the r_pid variation of the reduced exposure for this line in photographic obser-

vations at right angles to the plane of injection (along the axis) is attributable to

the substantial longitudinal (axial) spread of the plasma volume on collision.

The flow of plasma at right angles to the line of injection is confirmed by

probe measurements, which reveal motion of plasma in this direction.

The collision heating of ions points to partial thermalizationof the energy of

streaming motion of the plasmoids, whieh is equal to 32 eV for 8 kV gun voltage.

To sum up briefly:

1) we measured the velocities of the plasmoid components and showed that

excited ions and atoms are present in a considerable concentration in the

movin_ plasmoid;

2) the emission from plasmoids seems to be a result of charge exchange

with the participation of the excited levels of the plasmoid ions;

3) plasmoid collisions raise the temperature of the ions;

4) the strong interaction of plasmoids observed in /1/ is attributable to

the Coulomb mechanism.

BIBLIOGRAPHY

1. ZYKOV, V.A. et al. -This votume, p. 31(;.

2. SINEL'NIKOV,K.D., B.G, SAFRONOV, I.T. GUZHOVSKII, andYu. G. YAREMENKO.-In: "Fizika

plazmy i problemy upravlyaemogo termoyadernogo sinteza", VoI. t p.102. Viev, Izdatel'stvo
AN UkrSSR. 1902.

3. ALLEN,C.W. Astrophysical Quantities. -London, Athlone Press. 19_55. [Russian translation 196C:.]

467



EXPLANATORY LIST OF ABBREVIATIONS OF US,';R INSTITUTIONS

AND PERIODICALS APPEARING IN THI_ BOOK

Abbreviation Full name (transliterated) Translation

kZh

DAN SSSR

FTI

Izv. vuaov

JETP

PTE

UFN

UFZh

UMN

ZhTF

Astronomicheskii Zhurnal

Doklady Akademii Nauk

SSSR

Fiziko-tekhnicheskii institut

Izvestiya vysshikh uchebnykh

zavedenii

Zburnal Eksperimental'noi

i Teoreticheskoi Fiziki

Pribory i Tekhnika Eksperi-

menta

Uspekhi Fizicheskikh Nauk

Ukrainskii Fizicheskii Zhurnal

Uspekhi Matematicheskikh

Nauk

Zhurnal Tekhnicheskoi Fiziki

Astronomical Journal [Soviet

Astronomy -- A J]

Proceedings of the USSR Academy

of S(iences [Soviet Physics--

DokladyJ

Physicotechnical Institute [of

the l!krainian Academy of

Sciences]

BulR tin of the Institutions of

ttigher Education

Joun al of Experimental and

Theoretical Physics [Soviet

Physics --JETP]

Instr Jments and Experimental

Tecl niques

Adw nces in Physical Sciences

[Sov et Physics--Uspekhi]

Ukrainian Journal of Physics

Adw nces in Mathematical

Scieqces

Jour lal of Technical Physics

[Soy et Physics--Technical

Phys ics]

468


